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S E C T I O N  1 
I N T R O D U C T I O N  
INTRODUCTION 
1.1 A Brief  H i s to ry  of Development 
John Laing Limited have been a s soc i a t ed  wi th  Stephen S a l t e r ,  of 
Edinburgh Univers i ty ,  s i n c e  t h e  l a t e  autumn of 1978. Resul t ing  
from t h i s  a s s o c i a t i o n ,  we were i n v i t e d  by ETSU i n  March of 1979, 
t o g e t h e r  wi th  S c o t t i s h  Offshore Pa r tne r sh ip ,  t o  become 
i n t e g r a t e d  members of t h e  Edinburgh P r o j e c t  Team and t o  
under take  a  review of t h e  c i v i l  and mechanical s t r u c t u r a l  
a s p e c t s  of t h e  P ro j ec t .  This work culminated i n  a  r epo r t  
submit ted t o  ETSU i n  1979 and subsequent ly presented a t  a  
Workshop i n  December 1979 a t  Maidenhead. S ince  t h a t  t ime any 
f u r t h e r  work t h a t  has  been c a r r i e d  out has  been gene r i c  r a t h e r  
t han  device  s p e c i f i c  wi th  l i m i t e d  funding from t h e  Department of 
Energy. In  May 1981, a t  t h e  reques t  of ETSU, a  proposal  was 
submit ted t o  The Wave Energy S tee r ing  Committee f o r  updat ing t h e  
1979 r e p o r t .  This p r e s e n t a t i o n  l e d  t o  a n  I n s t r u c t i o n  t o  Proceed 
being i s sued  by t h e  Department of Energy i n  August 1981. 
The o v e r a l l  concept of t h e  Duck remains una l t e r ed  i n  t h a t  i t  
uses  t h e  r o t a t i o n a l  c h a r a c t e r i s t i c s  of Gyroscopes t o  c r e a t e  a  
r e f e r e n c e  p la t form w i t h i n  t h e  duck body a s  i t  'nods' under t h e  
wave a c t i o n .  The d i f f e r e n t i a l  movement of t h e  two p a r t s  ope ra t e  
r i n g  cam pumps and they  produce hydrau l i c  pressure .  This  o i l  i s  
f e d  t o  a  swashplate pump/motor u n i t  d r i v i n g  a  synchronous 
gene ra to r .  The continuous s p i n e  on which t h e  ducks a r e  mounted 
s t i l l  has  f l e x i b l e  and i n t e l l i g e n t  j o i n t s ,  a l though these  j o i n t s  
t o o  have been t h e  s u b j e c t  of re-design i n  t h e  i n t e r e s t s  of 
making t h e  c o s t s  very much lower. The Duck body i s  now somewhat 
l a r g e r  i n  both diameter  and l eng th ,  and al though t h e  power 
r a t i n g  per  metre has  been reduced t o  o b t a i n  a  b e t t e r  duty 
f a c t o r ,  t h e  output  pe r  duck remains t h e  same. 
1.2 Philosophy Statement 
To maximise the energy capture there are advantages in locating 
wave energy devices in deep water. Adverse consequences from 
this are the distance from a support base and the increasing 
difficulty of effective maintenance as the distance gets larger. 
The further offshore the device is located the shorter the time 
available in weather windows and the less effective any "in- 
situ" maintenance is likely to be due to the hostile 
environment. 
From the early conceptual stages, the Edinburgh Device Team 
decided that its principal objective would be that the device 
should require minimum maintenance throughout its design life. 
The device team's target is 25 years, although from work carried 
out by EASAMS a period of 5 years results in a viable 
ins tallation. 
This approach to the design has been developed in three ways:- 
1 .  By building in redundancy of essential items during 
construction, so that normal anticipated failure and 
wasteage during the effective life of the device will not 
reduce efficiency. Condition monitoring will be installed 
to maintain efficient operation automatically. 
2. By the use of parallel circuitry to ensure that failure of 
any one separate system is not a catastrophic failure of the 
whole. 
3. By providing the best environmental climate to ensure that 
any item of equipment operates effectively at its maximum 
potential. 
4. By s e a l i n g  t h e  energy conversion u n i t  and e l e c t r i c a l  
gene ra t i ng  systems i n  purpose-made machinery c a n i s t e r s  t o  
i s o l a t e  them completely from t h e  marine environment. 
It i s  w e l l  known t h a t  h igh  p re s su re  o i l  h y d r a u l i c  systems can 
develop h igh  power l e v e l s  from sma l l  components and t h a t ,  i f  t h e  
c o r r e c t  working environment i s  provided,  they  w i l l  have a  very  
long,  r e l i a b l e  and unat tended l i f e .  The device  r e l i e s  f o r  i t s  
e f f e c t i v e  ope ra t i on  upon High P re s su re  O i l  Hydraul ics .  The 
des ign  of t h e  device  i s  such t h a t  a  vacuum s t r i p p e d  o i l  no t  only 
o p e r a t e s  i n  a n  i d e a l  ambient atmosphere, but  a l s o  t h a t  t h i s  o i l  
i s  be ing  cen t r i fuged  throughout i t s  e n t i r e  ope ra t i ng  l i f e .  Thus 
i t  i s  hoped t h a t  t h e  eve r  p re sen t  problem of "d i r ty"  hyd rau l i c  
o i l  i s  e l imina ted .  
A unique advantage of t h e  power take-off cha in  of t h e  device  i s  
t h e  c a p a b i l i t y  of t ransforming  t h e  random i n p u t  of energy from 
t h e  waves i n t o  a  uniform supply of h igh  p r e s s u r e  o i l  t o  t h e  
g e n e r a t o r  motor. This  i s  achieved by us ing  t h e  f lywheels  a s  
shor t - te rm energy s t o r e s ,  t hus  pe rmi t t i ng  synchronous gene ra t i on  
of a l t e r n a t i n g  c u r r e n t ,  wi th  t h e  consequent sav ing  on e l e c t r i c a l  
c o s t s .  
The Device Team have consul ted  f i r m s  s p e c i a l i s i n g  i n  a l l  t h e  
major i t ems  of t h e  proposed power conversion system and have 
expla ined  t h e i r  de s ign  philosophy. The approach has  been f u l l y  
endorsed by t h e s e  s p e c i a l i s t s  and they have expressed t h e i r  
conf idence  not  only i n  t h e  o v e r a l l  scheme but  i n  each case  have 
s t a t e d  t h a t ,  i n  r e s p e c t  of t h e i r  own s p e c i a l i t y ,  they  can e i t h e r  
m e e t  t h e  requirements  w i th  c u r r e n t  technology o r  from 
development of t h e i r  c u r r e n t  techniques.  
The Device Team cons ider  t h a t  t h e  Minimum Maintenance Concept i s  
t h e  most r e a l i s t i c  approach t o  developing a  c o s t  e f f e c t i v e  Wave 
Energy Device. 
The device  has  n o t ,  however, been developed beyond t h e  o u t l i n e  
schemat ic  s t a g e  necessary  t o  confirm f e a s i b i l i t y .  The 
development t o  t h i s  s t a g e  has  been met icu lous ly  c a r r i e d  out  and 
c a r e f u l l y  v e r i f i e d  by tank  t e s t i n g ,  but i n  t h e  narrow t ank  only. 
It i s  e s s e n t i a l  t h a t  a l l  f u t u r e  development work should be t o  
t h i s  same s t anda rd  i f  confidence i s  t o  be e s t a b l i s h e d  i n  t h e  
Minimum Maintenance Concept. The Device Team cons ide r  t h a t  it 
would be wrong t o  s a c r i f i c e  t h e  prospec t  of long term success  
f o r  s h o r t  term expediency. For t h e s e  reasons ,  i t  i s  u n l i k e l y  
t h a t  t h e  device  could be developed t o  t h e  r e q u i s i t e  s tandard  f o r  
3 - 5 years .  Confirmation of r e s u l t s  i n  t h e  wide tank i s  
c u r r e n t l y  t ak ing  p l ace  and e a r l y  r e s u l t s  a r e  e x a c t l y  i n  l i n e  
w i t h  narrow tank  p r e d i c t i o n s  and cos ine  d i r e c t i o n a l i t y  
c o r r e c t i o n s .  
A f u l l  s i z e  power c a n i s t e r  should be b u i l t  and put  on test.  It 
i s  app rec i a t ed  t h a t  t h i s  would e n t a i l  t h e  development of 
s u i t a b l e  hyd rau l i c  motors. Since t h e  whole philosophy i s  t o  
i s o l a t e  t h e  power cha in  from t h e  s e a ,  t h i s  t e s t i n g  may be 
c a r r i e d  out a sho re ,  by u s ing  s imula ted  wave motion, wi th  t h e  
r e s u l t i n g  a c c e s s i b i l i t y  f o r  i n s t rumen ta t i on  t o  monitor 
performance. The o b j e c t  here  would be t o  e v a l u a t e  t h e  
i n d i v i d u a l  power t r a i n  components f o r  long maintenance-free 
l i f e .  
S E C T I O N  2 
D E S C R I P T I O N  
2. DESCRIPTION 
2.1 L o c a t i o n  and Genera l  D e s c r i p t i o n  of Scheme 
The a n t i c i p a t e d  l o c a t i o n  f o r  t h e  Duck Wave Energy Device 
i s  t o  t h e  wes t  of t h e  Oute r  Hebr ides ,  o f f  t h e  i s l a n d  of 
Sou th  U i s t  o r  Benbecula. It i s  proposed t h a t  a  s t r i n g  of 
d e v i c e s ,  approx imate ly  46 km l o n g  i n c l u d i n g  n a v i g a t i o n  
g a p s  e v e r y  5 km, shou ld  be l o c a t e d  a t  a  d i s t a n c e  of some 
35 km of f  s h o r e  i n  a  d e p t h  of w a t e r  of 100 m. The 
d e v i c e s  would be a r r a n g e d  i n  a  s h a l l o w  zig-zag,  each  l e g  
o f  which would c o n s i s t  of 4 Ducks, The mean normal of 
0 
t h e  zig-zag would be 10 South  of West (See  Drawing No. 
10021). 
T h i s  ar rangement  w i l l  g i v e  a  2 GW o u t p u t  w i t h  a  r a t i n g  of 
60 KW p e r  met re  and a  4 5  metre  t h e o r e t i c a l  l e n g t h  f o r  
e a c h  Duck. The mean a n n u a l  y i e l d  i s  656 MW of 
synchronous AC i n t o  t h e  g r id . .  
2.2. P r i n c i p l e  of O p e r a t i o n  Device 
The Duck comprises  a  s e r i e s  of c o n c r e t e  s t r u c t u r e s  
mounted i n  p a i r s  on a  c y l i n d r i c a l  c o n c r e t e  s p i n e  which i s  
j o i n t e d  a t  i n t e r v a l s  t o  l i m i t  t h e  bending moments. These 
s t r u c t u r e s ,  o r  Duck bod ies  a s  t h e y  a r e  c a l l e d ,  respond t o  
t h e  wave a c t i o n  w i t h  a nodding motion i n  t h e  same way a s  
a  s h i p  a t  s e a  r o l l s  on t h e  waves. 
The Duck s t r u c t u r e  c a r r i e s  a t  i t s  f r o n t  edge two s e a l e d  
c a n i s t e r s  e a c h  housing a  p a i r  o f  gyroscopes  a r r a n g e d  s o  
t h a t  t h e  p r e c e s s i o n a l  motion c r e a t e s  a  r e f e r e n c e  p l a t f o r m  
a g a i n s t  which t h e  nodding a c t i o n  of t h e  Duck can be used 
t o  d r i v e  a  s e r i e s  of pumps producing a  f low of h i g h  
p r e s s u r e  o i l .  
T h i s  h i g h  p r e s s u r e  o i l  i s  f i r s t  l e d  t o  swashp la te  
h y d r a u l i c  pump/motor u n i t s  which d r i v e  t h e  g y r o  d i s c s ,  
t h u s  e n a b l i n g  them t o  a c t  a d d i t i o n a l l y  a s  energy  s t o r a g e  
f l y w h e e l s  and e n a b l e s  them t o  smooth o u t  t h e  p u l s e s  of 
power from t h e  waves i n t o  a  con t inuous  h y d r a u l i c  p r e s s u r e  
which i s  used t o  d r i v e  a  f u r t h e r  swashp la te  pump/motor 
u n i t  coupled t o  a  synchronous AC g e n e r a t o r .  The power 
from t h i s  g e n e r a t o r  i s  l e d  i n t o  t h e  c e n t r a l  s p i n e  and t h e  
o u t p u t s  grouped i n  accordance w i t h  Drawing No. 10071 
Fig .  3. Transmiss ion  a s h o r e  i s  shown on Drawing No. 
10071 F i g s .  1 & 2. The mooring arrangement  a l l o w s  t h e  
duck s t r i n g  t o  move towards  t h e  wave f r o n t  and away from 
i t  by a  d i s t a n c e  of some 50 met res ;  hence t h e  s t r i n g  can 
a d j u s t  t o  t h e  wave c l i m a t e .  I n  t a n k  t e s t s  a  f r e a k  wave, 
50% above t h e  50 y e a r  wave, h a s  been d r i v e n  a t  a  s p i n e  
model. It produces  j o i n t  a n g l e s  of 5' and mooring 
t e n s i o n  v a r i a t i o n s  of 30% above t h e  mean l e v e l  of 1  
t on/metre.  
2.3 FORM OF STRUCTURE 
2.3.1 Pr imary S t r u c t u r e  
The pr imary s t r u c t u r e  comprises  two e lements ,  
namely t h e  "duck body" and t h e  "spineq1. 
The Duck Body (Drawing No. 10102.) 
The "duck body" i s  a  buoyant c e l l u l a r  s t r u c t u r e  
i n  r e i n f o r c e d  and p r e s t r e s s e d  c o n c r e t e  c a r r y i n g  
t h e  power c a n i s t e r .  
Along one s i d e  a  semi  c y l i n d r i c a l  r e c e s s  matches 
t h e  c y l i n d r i c a l  s u r f a c e  of t h e  s p i n e ,  a l t h o u g h  
s e p a r a t e d  from i t  by a  b e a r i n g  which p e r m i t s  
r e l a t i v e  r o t a t i o n  abou t  t h e  s p i n e .  
The "duck body" i s  36 m e t r e s  l o n g  i n  t h e  a x i a l  
d i r e c t i o n  and approx. 14 m e t r e s  wide a c r o s s  t h e  
c y l i n d r i c a l  r e c e s s  ( t h e  s p i n e  be ing  14 met res  i n  
d i a m e t e r ) .  Within  t h e  duck body t h e  power 
c a n i s t e r ,  5.550 m e x t e r n a l  d i a m e t e r ,  i s  l o c a t e d  
s o  t h a t  t h e  d i s t a n c e  from t h e  c e n t r e  of pod t o  
c e n t r e  of s p i n e  i s  10.420 m. When a t t a c h e d  t o  
t h e  n e u t r a l l y  buoyant s p i n e ,  t h e  duck body f l o a t s  
w i t h  t h e  a x i s  of t h e  s p i n e  a t  a  d e p t h  8.7m below 
s t i l l  w a t e r  s u r f a c e .  With t h e  c e n t r e  l i n e  of t h e  
duck  a t  a n  a n g l e  of 36' t o  t h e  h o r i z o n t a l ,  t h e  
f r e e b o a r d  i s  1.85 m and t h e  l e n g t h  of w a t e r l i n e  
i s  13.25 m. 
The c e l l u l a r  v o i d s  i n  t h e  duck body ex tend  
l o n g i t u d i n a l l y  and p rov ide  s p a c e  f o r  t h e  power 
c a n i s t e r  a s  w e l l  a s  f o r  bo th  permanent and 
a d j u s t a b l e  b a l l a s t  i n  o r d e r  t o  a c h i e v e  t h e  
c o r r e c t  a t t i t u d e  and buoyancy. Space i s  a l s o  
a v a i l a b l e  f o r  a n c i l l a r y  equipment.  
The Sp ine  (Drawing No. 10101.) 
The "Spine" i s  a  14 met re  d i a m e t e r  r e i n f o r c e d  and 
p r e s t r e s s e d  c o n c r e t e  ho l low c y l i n d e r  w i t h  a w a l l  
t h i c k n e s s  of 800 mm. S e c t i o n s  a r e  90 met res  long  
between t h e  c e n t r e s  of t h e  moment c o n t r o l l e d  
j o i n t s .  Each s e c t i o n  c a r r i e s  two ducks.  
A t  t h e  j o i n t s ,  t h e  ends  a r e  c l o s e d  by bulkheads  
and t h e  w a l l s  of t h e  c y l i n d e r  a r e  extended beyond 
i t  a t  two p o i n t s  on t h e  p e r i m e t e r  t o  c a r r y  t h e  
t r u n n i o n  b e a r i n g s  of t h e  Hooke's J o i n t .  
A t  a p o i n t  h a l f  way between t h e  moment-controlled 
j o i n t s ,  t h e  s p i n e  h a s  a  c o n s t r u c t i o n  j o i n t  which 
can be jo ined  o r  s e p a r a t e d  a t  sea .  For  t h i s  
r e a s o n  a  bulkhead i s  p rov ided  i n  each  h a l f  
t o g e t h e r  w i t h  o t h e r  p r o v i s i o n s  such  a s  l o c a l  w a l l  
t h i c k e n i n g  f o r  t h e  p r e s t r e s s i n g  b o l t s  clamping 
t h e  j o i n t .  I n  each  h a l f  a  bulkhead i s  provided 
a t  t h e  midpoint  t o  s t i f f e n  t h e  c y l i n d r i c a l  w a l l s  
and t o  l i m i t  t h e  consequences of damage. 
E x t e r n a l l y ,  p e r i p h e r a l  r i b s  a r e  provided f o r  
l a t e r a l  l o c a t i o n  of t h e  ducks a t  each end of t h e  
45  m s p i n e  l e n g t h .  Means of a c c e s s ,  i n  t h e  form 
of "conning towers", a r e  a l s o  provided and t h e s e  
c a r r y  warning l i g h t s ,  r a d a r  r e f l e c t o r s  and o t h e r  
communications equipment. 
2.3.2 B a s i c  C a l c u l a t i o n s  
1. Scope 
T h i s  appendix t o  t h e  r e p o r t  d e s c r i b e s  b r i e f l y  t h e  
B 
c a l c u l a t i o n s  p repared  t o  j u s t i f y  t h e  d e s i g n  of t h e  
s p i n e  and duck d e s c r i b e d  h e r e i n .  
2. The Sp ine  
a )  Genera l  Arrangement of Sp ine  J o i n t s  
The Spine c o n s i s t s  of a 14 m O/D l o n g i t u d i n a l l y  
p r e s t r e s s e d  c o n c r e t e  p i p e ,  hav ing  a  w a l l  
t h i c k n e s s  of 800 mm. The p i p e  i s  formed i n  45  m 
l e n g t h s ,  a d j a c e n t  l e n g t h s  of p i p e  be ing  connected 
t o g e t h e r  by non-yie lding and f l e x i b l e  j o i n t s  i n  
a n  a l t e r n a t e  sequence.  The r i g i d  j o i n t s  a r e  
formed by p r e s t r e s s i n g  t o g e t h e r  t h e  ends  of 2 
a d j a c e n t  s p i n e s ,  t h e  mat ing s u r f a c e s  be ing  formed 
by means of a  t h e r m w s e t t i n g  r e s i n  i n  a t h i n  
S t a i n l e s s - s t e e l  envelope.  The j o i n t  i s  des igned  
t o  be of e q u a l  s t r e n g t h  t o  t h e  s t a n d a r d  s p i n e  
s e c t i o n s ,  and h a s  been a r r a n g e d  t o  a l l o w  i t  t o  be C 
jo ined  a t  sea .  
The f l e x i b l e  Hooke's j o i n t s  a r e  c a p a b l e  of 
t r a n s m i t t i n g  bending moments by means of 8  
h y d r a u l i c  rams, and w i l l  be assembled on l and .  
The rams a r e  connected v i a  pr imary h y d r a u l i c  
motors  t o  a  p a i r  of h i g h  and low p r e s s u r e  
h y d r a u l i c  mains and t h e  p r e s s u r e  i s  c o n t r o l l e d  t o  
o f f e r  r e s i s t a n c e  up t o  a  maximum s u r g e  o r  heave 
moment of 20,000 tonne-metre ( 2 0  KTM) and t h e n  t o  
y i e l d  a t  c o n s t a n t  moment. 
b )  Design Moment f o r  t h e  Sp ine  
Wave a c t i o n  can cause  e x t r a  bending moments 
between t h e  f l e x i b l e  j o i n t s  ( l o c a t e d  a t  90 m 
c e n t r e s )  t o  be g r e a t e r  t h a n  t h a t  a t  t h e  j o i n t s .  
An a l lowance  of 18% has  been made t o  cover  t h i s  
and hence t h e  maximum s u r g e  o r  heave moments of 
23.6 KTM a r e  cons idered .  However p a r t i c l e s  
w i t h i n  waves f o l l o w  c i r c u l a r  o r b i t s  and t y p i c a l l y  
0 
heave and s u r g e  moments w i l l  be 90 of phase. A 
maximum "combined s u r g e  and heave" moment of 23.6 
X 6 = 33 KTM i s  a l s o  cons idered .  
c )  Spine  S i z e  Analysed 
The r e f e r e n c e  d e s i g n  s p i n e  i s  14  m i n  d i a m e t e r ,  
has  a  w a l l  t h i c k n e s s  of 800 mm and weighs abou t  
80 tonnes  p e r  metre.  R a t h e r  t h a n  s imply  d e s i g n  
t h i s  one s e c t i o n ,  i t  was dec ided  t o  c o n s i d e r  two 
s e c t i o n s  e a c h  weighing t h e  same a s  t h e  a c t u a l  
s e c t i o n  used; hence c o s t i n g  approx imate ly  t h e  
same. Sp ines  of 12.5 m d i a m e t e r ,  900 mm t h i c k  
and l 5  m d i a m e t e r ,  750 mm t h i c k  were c o n s i d e r e d ,  
which n e a t l y  b r a c k e t  t h e  s i z e  chosen. Both 
s e c t i o n s  were p r e s t r e s s e d  t o  5 FJ/nun2 ( a f t e r  a l l  
l o s s e s )  and were l o n g i t u d i n a l l y  r e i n f o r c e d  a t  a  
r a t e  of 0.4% by c r o s s - s e c t i o n a l  a r e a .  
d )  M a t e r i a l s  Used i n  Sp ine  Design 
Concre te  
Aggregate - Crushed Rock 
F i n e s  - N a t u r a l  Sand 
Cement - Ordinary  P o r t l a n d  ( p a r t i a l  
replacement  by f l y a s h  p e r m i t t e d )  
Minimum cement c o n t e n t  400Kg/m 
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Maximum w/c r a t i o  0.4. 
The c o n c r e t e  t o  be a  des igned  mix hav ing  a 
2 
c h a r a c t e r i s t i c  28 day s t r e n g t h  of 50 N/mm and a 
mean 365 day s t r e n g t h  of 63 ~ / m m ~ .  
R e i n f o r c i n g  S t e e l  (Rebar)  
R e i n f o r c i n g  s t e e l  t o  be c o l d  worked mi ld  s t e e l  t o  
BS 4461 hav ing  a c h a r a c t e r i s t i c  y i e l d  s t r e n g t h  of 
2  Z 
425 N/mm and a mean y i e l d  s t r e n g t h  of 470 N/mm . 
P r e s t r e s s i n g  Tendons 
Tendons s h a l l  be low-re laxa t ion  s t r a n d  t o  BS 
361713 having a  minimum b r e a k i n g  s t r e n g t h  of 1700 
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N/mm and a  mean break ing  s t r e n g t h  of 1819 N/mm . 
The d e s i g n  tendon s t r e s s  a f t e r  a l l  l o s s e s  s h a l l  
2  
be  952 N/mm . 
P r e s t r e s s i n g  B o l t s  ( R i g i d  J o i n t  Only) 
P r e s t r e s s i n g  b o l t s  s h a l l  be 50mm d i a m e t e r  Mac 
A l l o y  b o l t s  o r  s i m i l a r ,  t o  be s t r e s s e d  t o  950 
2  
N/mm a f t e r  a l l  l o s s e s .  
e )  U l t i m a t e  Design 
The u l t i m a t e  moment of r e s i s t a n c e  (Mu) was 
determined i n  accordance w i t h  t h e  C o n s u l t a n t s  
Design Guide u s i n g  p a r t i a l  f a c t o r s  of s a f e t y  f o r  
m a t e r i a l s  :- 
Concre te  = 1.5 
Rebar & Tendons = 1.5 
g i v i n g :  Mu = 149 KTM f o r  12.5 m Spine 
Mu = 187 KTM f o r  15.0 m Spine 
which e n s u r e s  a minimum u l t i m a t e  l o a d  f a c t o r  of 
4.5 over  t h e  maximum d e s i g n  moment of 33 KTM. 
The u l t i m a t e  moments of r e s i s t a n c e  "Mu" u s i n g  
mean m a t e r i a l  p r o p e r t i e s  and p a r t i a l  f a c t o r s  of 
s a f e t y  f o r  m a t e r i a l s  as:-  
Concre te  = 1.25 
R e b a r & T e n d o n s  = 1.0 
were : Mu = 166 KTM f o r  12.5 m Sp ine  
Mu = 207 KTM f o r  15.0 m Spine.  
f )  S t r e s s  - Moment Curves 
To check t h e  f a t i g u e  l i f e  of t h e  s p i n e s ,  t h e  
s e c t i o n s  were a n a l y s e d  i n  accordance  w i t h  t h e  
C o n s u l t a n t s  Design Guide u s i n g  p a r t i a l  f a c t o r s  of 
s a f e t y  f o r  m a t e r i a l s  as:-  
Concre te  = 1.25 
Rebar & Tendons = 1.15 
and t h e  s t r e s s / a p p l i e d  moment diagrams were 
p l o t t e d  f o r  a l l  3 m a t e r i a l s  ( s e e  Drawing No. 
10103 - 10105). 
The a n a l y s i s  was r e p e a t e d  u s i n g  t h e  mean m a t e r i a l  
p r o p e r t i e s  and p a r t i a l  f a c t o r s  of s a f e t y  of 
m a t e r i a l s  a s  :- 
Concre te  = 1.25 
Rebar & Tendons = 1.0 
and t h e  s t r e s s / a p p l i e d  moment diagram f o r  
c o n c r e t e  w a s  p l o t t e d  ( s e e  Drawing No. 10109). 
g) The S  - N Curve 
The S  - N curve  s p e c i f i e d  i n  t h e  C o n s u l t a n t ' s  
Design Guide i s  based on t h e  Det norske  V e r i t a s  
r u l e ,  w i t h  t h e  s t r e s s  t h r e s h o l d  of c l a u s e  D8.1.2 
omi t t ed .  
The c u r v e  h a s  been p l o t t e d  on Drawing No. 10106, 
t o g e t h e r  w i t h  v a r i o u s  t e s t  r e s u l t s  ( r e f e r r e d  t o  
on drawing).  
From t h e s e  r e s u l t s ,  t o g e t h e r  w i t h  t h e  d i s c u s s i o n  
i n  t h e  DnV r u l e s ,  i t  can  be deduced t h a t  t h e  
d e s i g n  curve  from t h e  C o n s u l t a n t s '  Guide i s  a  
$1 c h a r a c t e r i s t i c l t  one. By " c h a r a c t e r i s t i c "  i s  
meant t h o s e  v a l u e s  cor responding  t o  t h e  lower 95% 
c o n f i d e n c e  l i m i t .  A mean S  - N c u r v e  i s  proposed.  
Miners Number 
A Miners Number of 0.2 i s  s p e c i f i e d  i n  t h e  
C o n s u l t a n t s  Design Guide ( s e e  a l s o  DnV r u l e ) .  
T h i s  i s  b e l i e v e d  t o  be a  " c h a r a c t e r i s t i c "  v a l u e  
and a  mean v a l u e  of 0.6 i s  proposed based on t h e  
f i g u r e s  i n  t a b l e s  4, 6 and 7  of t h e  Van Leeuven & 
Siemes paper:- "Miners Rule w i t h  Respect  t o  P l a i n  
Concrete",  Heron Vol. 24 1979 No. 1. 
i) Wave Cl imate  
The C o n s u l t a n t s  have s p e c i f i e d  399 wave s p e c t r a ,  
based on a  w a t e r  d e p t h  of 42 m. S i n c e  t h e  duck 
w i l l  be l o c a t e d  i n  w a t e r  100 m deep t h e s e  have 
been c o r r e c t e d  t o  r e p r e s e n t  t h a t  d e p t h ,  and 
p l o t t e d  a s  a  h i s togram on Drawing No. 10107. 
j) Bending Moment - Wave Heigh t  Func t ion  
Wide t a n k  t e s t s  i n d i c a t e  t h a t  non-y ie ld ing  s p i n e  
RMS bending moments i n  heave o r  s u r g e  p l o t t e d  
a g a i n s t  RMS wave h e i g h t  have a n  approx imate ly  
l i n e a r  r e l a t i o n s h i p .  Curves have been p l o t t e d  
f o r  t h e  upper  bound v a l u e s  of t h e  e x p e r i m e n t a l  
r e s u l t s  as c h a r a c t e r i s t i c  bending moment on Fig.  
1 of Drawing No. 10108 and f o r  t h e  mean v a l u e  on 
F i g  1  of Drawing No. 10110. 
k) Rigid-Spine RMS Bending Moment Occurrences  
By combining t h e  RMS moment - RYS wave-height 
g raph  w i t h  t h e  wave c l i m a t e  h i s t o g r a m  one can 
o b t a i n  c u r v e s  showing "non-yie lding s p i n e  RMS 
bending moment" o c c u r r e n c e s  p e r  y e a r  (Drawing No. 
10107). (See f i g ,  2 of Drawing Nos. 10108 and 
l O l l 0 . )  
1 )  Sp ine  Moment His togram 
The s p i n e  moment h i s togram ( p l o t t e d  a s  a t a b l e  i n  
f i g .  4 of Drawing Nos, l0108 and 10110) of a c t u a l  
s p i n e  moment occur rences  p e r  y e a r ,  n, i s  drawn, 
u s i n g  t h e  RMS bending moment f requency  curves  
( f i g .  2 )  and assuming a  normal d i s t r i b u t i o n  of 
moment exceedence ( f i g .  3 ) .  
m)  C h a r a c t e r i s t i c  F a t i g u e  L i f e  
Combining t h e  s t r e s s  range lbend ing  moment t a b l e s  
w i t h  t h e  S - N curve  (Drawing No. 10106) t h e  
number of o c c u r r e n c e s  t o  f a i l u r e  ' N '  f o r  each  
moment range i s  determined ( f i g .  4 Drawing No. 
10108). Hence Miners Sum, d e f i n e d  a s  n/N f o r  7 
moment ranges  i s  c a l c u l a t e d .  
The " c h a r a c t e r i s t i c "  f a t i g u e  l i f e  of t h e  s p i n e  i s  
g i v e n  by:- 
Miners Number 
L i f e  = 
Miners  Sum 
Using Miners Number of 0.2 i n  accordance  w i t h  t h e  
C o n s u l t a n t s  G u i d e l i n e s ,  t h e  " c h a r a c t e r i s t i c "  
f a t i g u e  l i f e  of t h e  s p i n e  = 22 y e a r s  f o r  12.5 m 
s p i n e  and 38 y e a r s  f o r  t h e  15 m s p i n e .  C l e a r l y  
by i n t e r p o l a t i o n  between t h e s e  l i m i t s ,  t h e  
11 c h a r a c t e r i s t i c "  f a t i g u e  l i f e  of  a 14 m s p i n e  
would exceed 25 y e a r s .  
n) Mean F a t i g u e  L i f e  
An e x e r c i s e  s i m i l a r  t o  2.13 above was c a r r i e d  o u t  
t o  f i n d  t h e  mean f a t i g u e  l i f e  of a  sp ine : -  
i )  Using mean m a t e r i a l  p r o p e r t i e s  and mean RMS 
moments b u t  u s i n g  t h e  Miners Number and S - 
N Curve from t h e  C o n s u l t a n t ' s  Guide l ines : -  
F a t i g u e  L i f e  = 154 y e a r s  12.5 m s p i n e  
F a t i g u e  L i f e  = 202 y e a r s  15.0 m s p i n e .  
i i )  Using mean m a t e r i a l  p r o p e r t i e s ,  mean RMS 
moments and proposed mean S - N Curve,  w i t h  
Miners Number of 0.2 g ives : -  
F a t i g u e  L i f e  = 18700 y e a r s  12.5 m s p i n e  
F a t i g u e  L i f e  = 27700 y e a r s  15.0 m s p i n e  
i i i )  Using mean m a t e r i a l  p r o p e r t i e s ,  mean RMS 
moments, t h e  proposed mean S -N c u r v e  and 
Miners Number of 0.6 g ives : -  
F a t i g u e  L i f e  = 56000 y e a r s  12.5 m s p i n e  
F a t i g u e  L i f e  = 83000 y e a r s  15.0 m s p i n e .  
C l e a r l y  some c o n s i d e r a b l e  r e s e a r c h  must be 
done b e f o r e  meaningful  f a t i g u e  c a l c u l a t i o n s  
a r e  p o s s i b l e .  
o )  Secondary R e i n f o r c i n g  
The amount of c i r c u m f e r e n t i a l  r e in forcement  was 
determined p r i m a r i l y  by c o n s i d e r a t i o n  of t h e  
s p i n e  i n  t h e  temporary s t a t e s  d u r i n g  
c o n s t r u c t i o n .  
The amount of re in forcement  i n  t h e  diaphragms and 
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i n  t h e  j o i n t  a r e a s  was a s s e s s e d  a t  125 kg/m , t h e  
s e c t i o n s  be ing  s i z e d  by l i m i t i n g  d i r e c t  s t r e s s e s  
2  2  
t o  5 N/mm and M/bd r a t i o  t o  3.0. 
p) Shear  and Tension 
I n  view of t h e  u n c e r t a i n  n a t u r e  of t h e  f a t i g u e  
c a l c u l a t i o n  w i t h  r e s p e c t  t o  beam bending,  no 
f a t i g u e  c a l c u l a t i o n s  were done f o r  s h e a r .  
However t h e  p i p e  s e c t i o n  was a s s e s s e d  f o r  
u l t i m a t e  s h e a r  and t h e  r e s u l t a n t  l o a d  f a c t o r  ( f o r  
a n  uncracked s e c t i o n )  = 3.04, compared w i t h  1.4 
r e q u i r e d  by t h e  C o n s u l t a n t ' s  Design Guide. 
The p r i n c i p a l  s t r e s s e s  i n  t h e  s p i n e  w a l l  
( i g n o r i n g  t h e  s m a l l  w a l l  bending s t r e s s e s  due t o  
d i f f e r e n t i a l  h y d r o s t a t i c  p r e s s u r e )  a r e  + 5.092 
2  
!V/nun2 and - 0.092 N/m . 
3.  The Duck 
a )  Genera l  Details 
The Duck i s  formed of m u l t i p l e  c e l l ,  
l o n g i t u d i n a l l y  s l ip-formed u n i t s  having a minimum 
w a l l  t h i c k n e s s  of 425  mm. The l a r g e s t  c e l l  
c o n t a i n s  t h e  power pods (2  p e r  36 m l o n g  duck) i n  
a n  environment of t r e a t e d  f r e s h  water .  
b )  M a t e r i a l s  
M a t e r i a l s  a r e  g e n e r a l l y  s i m i l a r  t o  t h o s e  used f o r  
t h e  s p i n e ,  e x c e p t  t h a t  t h e  c o n c r e t e ,  which s h a l l  
be g rade  4 5 ,  s h a l l  be formed u s i n g  Lytag 
a g g r e g a t e  i n s t e a d  of c rushed  rock.  The f i n a l  
s a t u r a t e d  ( r e i n f o r c e d )  d e n s i t y  shou ld  n o t  exceed 
3 
1.9 tonneslm . 
c )  Design 
The duck i s  des igned  t o  w i t h s t a n d  a n  e x t e r n a l  
working p r e s s u r e  of 1.0 a tmosphere  and a n  
e x t e r n a l  u l t i m a t e  p r e s s u r e  of 3.5 atmospheres.  
The l o n g i t u d i n a l  p r e s t r e s s i n g  r e s u l t s  i n  a n  
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a v e r a g e  s t r e s s  4  N / m  . M/ bd r a t i o s  a r e  n e v e r  
g r e a t e r  t h a n  3.5 ( u l t i m a t e ) .  
Time and fund ing  have n o t  p e r m i t t e d  a f u l l  f i n i t e  
e lement  a n a l y s i s  bu t  t h e  team a r e  c o n f i d e n t  t h a t  
a f u t u r e  a n a l y s i s  w i l l  j u s t i f y  t h e  p r e s e n t  d e s i g n  
and w i l l  p robably  a l l o w  a r e d u c t i o n  i n  w a l l  
t h i c k n e s s e s .  
2.4 Mechanical  D e t a i l s  
2.4.1 A l t e r n a t i v e  Spine/Duck Bear ings  
(Drawing Nos. 10050/51/52.) 
The Spine/Duck Bear ing  proposed u t i l i s e s  a  
be l lows  damping system used i n  c o n n e c t i o n  w i t h  
bands of magnet ic  r e p u l s i o n  u n i t s .  The whole 
u n i t  i s  b u i l t  up on 2.0 m wide s t r i p s ,  which a r e  
b a s i c a l l y  conveyor b e l t i n g  and manufac tu re r s  of 
such  have been invo lved  i n  t h e  o v e r a l l  scheme. 
The magnets would be of i s o t r o p i c  ceramic  
m a t e r i a l  c a s t  i n  u n i t s  150 mm by 12.5 mm by 12.5 
mm t h i c k .  The whole b e a r i n g  i s  submerged i n  
t r e a t e d  water .  Access from t h e  s e a  i s  p a r t l y  
r e s t r i c t e d .  The i n h i b i t o r ,  which cou ld  be 3 ppm 
of c h l o r i n e ,  w i l l  p r e v e n t  any marine  growth 
o c c u r i n g  w i t h i n  t h e  b e a r i n g  a r e a .  The o u t e r  
s e c t i o n  of t h e  b e a r i n g  comprises  a  second row of 
magnets,  t h i s  t ime  20 mm wide by 12.5 mm t h i c k ,  
a r r a n g e d  on a  diaphragm backed by a  s e r i e s  of 
be l lows  a r r a n g e d  t o  a c t  a s  dampers. The whole 
b e a r i n g  h a s  been des igned  t o  a b s o r b  wide 
t o l e r a n c e s  on c i r c u l a r i t y  of t h e  duck o r  s p i n e  
w h i l e  e l i m i n a t i n g  any mechanical  c o n t a c t  between 
s u r f a c e s  r e s u l t i n g  i n  a n  e x t r e m e l y  low 
c o e f f i c i e n t  of f r i c t i o n .  It w i l l  c a r r y  a  l o a d  of 
2 
20 kN/m . Work a t  Edinburgh U n i v e r s i t y  c o n t i n u e s .  
A paper  summarising work t o  d a t e  f o l l o w s .  
It i s  a p p r e c i a t e d  t h a t  a  b e a r i n g  of t h i s  t y p e  may 
w e l l  i n v o l v e  a  l o n g  development p e r i o d .  A more 
c o n v e n t i o n a l  b e a r i n g  compris ing m u l t i p l e  r o l l e r s  
mounted on a  s e r i e s  of c h a i n s  i s  shown on t h e  
drawings  a s  a n  i n t e r i m  s t e p .  W e  acknowledge 
Easams Ltd. a s  t h e  a u t h o r s  of t h i s  d e s i g n .  
Spine  J o i n t s  (Drawing Nos. 10040 & 10041.) 
A f l e x i b l e  j o i n t  occurs  i n  t h e  s p i n e  e v e r y  90 
m e t r e s  a l o n g  i t s  l e n g t h  and t h i s  u s e s  a  Hooke's 
j o i n t ,  compris ing a  s p i d e r  w i t h  1.250 m d iamete r  
arms and s p h e r i c a l  b e a r i n g s  l amina ted  s t e e l  and 
r u b b e r  a t  approx  3 m r a d i u s .  A  s e r i e s  of 8 rams 
i s  mounted around t h e  p e r i m e t e r  of t h e  j o i n t .  
These rams a r e  coupled i n  p a i r s ,  t h e  upper  and 
lower  p a i r s  be ing  i n  o p p o s i t i o n  t o  c r e a t e  a heave 
bending moment and t h e  s i d e  t o  s i d e  p a i r s  be ing  
coupled t o  c r e a t e  a  s u r g e  moment. 
The j o i n t  i s  des igned  t o  f l e x  a t  a  bending moment 
of 20,000 t o n  met res  and t h e  rams a r e  o p e r a t i n g  
a t  a  p r e s s u r e  of 6,000 p s i  w i t h  a s t r o k e  of 2.2 
0 
met res .  Th i s  s t r o k e  e n a b l e s  a  movement of - + 12 
0 
t o  t a k e  p l a c e  a t  each  j o i n t .  5 of t h i s  movement 
i s  s u f f i c i e n t  t o  accommodate wave motion i n  bo th  
0 
t h e  heave and s u r g e  d i r e c t i o n s .  The remaining 7 
a r e  a v a i l a b l e  t o  accomodate t h e  movement 
n e c e s s a r y  f o r  t h e  zig-zag arrangement  of t h e  
s t r i n g .  The t o t a l  movement a t  e v e r y  j o i n t  h a s  
t h e  advan tage  t h a t  t h e  p o i n t s  of "z ig"  o r  "zagf' 
can  be changed from t ime  t o  t ime  i n  t h e  s u r g e  
d i r e c t i o n  t o  s h a r e  t h e  d u t y  th roughout  t h e  whole 
l i n e  of j o i n t s .  The e n t i r e  j o i n t  i s  e n c l o s e d  and 
i s o l a t e d  from t h e  s e a  by a  p a i r  of p a r t - s p h e r i c a l  
hous ings  c a r r y i n g  a  r o l l i n g  s e a l  between them 
(des igned  by Andrea Rubber Co.). These s e a l s  
w i l l  p r o t e c t  t h e  complete s p a c e  occupied by t h e  
j o i n t .  A s  a  f u r t h e r  s a f e g u a r d  s i m i l a r ,  but  
s m a l l e r ,  s e a l s  have been i n c o r p o r a t e d  i n  hous ings  
p l a c e d  immediate ly  around e a c h  ram. A l t e r n a t i n g  
w i t h  t h e  f l e x i b l e  j o i n t  i s  a  r i g i d  connec t ion  
a l l o w i n g  t h e  removal of s p i n e  l e n g t h s  a s  
necessa ry .  The arrangement of t h i s  f i x e d  
c o n n e c t i o n  i s  shown on Drawing No. 10101. 
2.5 Moorings 
2.5.1 Concept 
The concept  behind t h e  d e s i g n  of t h e  moorings i s  
t o  e s t a b l i s h  a  low, c o n s t a n t  t e n s i o n  i n  t h e  
rodes .  
T h i s  i s  ach ieved  by u s i n g  a  sys tem i n  which t h e  
geometry changes a l l o w i n g  v a r i a t i o n  of f o r c e s  
w i t h  changes of a n g l e ,  b u t  p r e s e r v i n g  c o n s t a n t  
t e n s i o n  ( s e e  Drawing No. 10090). 
The h o r i z o n t a l  l o a d  on each  Duck i s  a  maximum of 
52.4 t o n s .  The c o n f i g u r a t i o n  i s  shown on Drawing 
No. 10090. 
Each r o d e  i s  a  con t inuous  member from clump one 
anchor  th rough  b o t h  f l o a t s  and s i n k e r s  t o  t h e  
o t h e r  clump anchor .  Bending a t  t h e  a t t achment  
p o i n t s  i s  being g i v e n  c a r e f u l  a t t e n t i o n .  The 
l o a d  i n  each  rode on t h e  wavefront  i s  of t h e  
o r d e r  of 80 t o n s ,  a  v a l u e  d e r i v e d  from t a n k  
t e s t i n g .  T h i s  l o a d  i s  w e l l  w i t h i n  t h e  normal 
c a p a c i t y  of c u r r e n t l y  used rope.  The s i n k e r s  
a d j a c e n t  t o  t h e  250 t o n s  c a p a c i t y  ups t ream clump 
anchor  w i l l  be 100 t o n s  approx. Downstream t h e  
s i n k e r s  a r e  s m a l l e r  be ing  25 t o n s  submerged 
weigh t  w i t h  a  n e t  buoyancy of 25 t o n s  f o r  a  
downstream buoy. The downstream clump anchor  i s  
120 t o n s  c a p a c i t y .  The system h a s  been t a n k  
t e s t e d  on a  b a r e  s p i n e  and t e n s i o n  v a r i a t i o n s  
have been found t o  be v e r y  low. 
The t o t a l  d e f l e c t i o n  a t  any g i v e n  p o i n t  of t h e  
s p i n e  under a  f r e a k  wave of 35m H t c  i s  l e s s  t h a n  
2  s p i n e  d iamete r s .  Low f requency  movements a r e  
w e l l  damped. 
2.5.2 Rodes and End Connect ions  
The rodes  would be of 2" s t a n d a r d  w i r e  rope  PVC 
covered a s  normal ly  used f o r  anchorage of many 
f l o a t i n g  s t r u c t u r e s ,  o r  of 4" P a r a f i l  whichever  
i s  cons idered  most s u i t a b l e  a t  t h e  t i m e  of 
i n s t a l l a t i o n .  
The end c o n n e c t i o n s  w i l l  be of s u i t a b l e  s h a c k l e s .  
Because of t h e  low a n g u l a r  movement and t h e  
c o n s t a n t  t e n s i o n  i n  t h e  r o p e s  ach ieved  by t h e  
concept  of t h e  mooring, B r i t i s h  Ropes s t a t e  t h a t  
t h e y  a r e  c o n f i d e n t  t h a t  t h e  rope and t h e  end 
c o n n e c t i o n s  would have a  l i f e  of some 25 y e a r s  
between changes.  
2 . 5 . 3  Sea Bed Anchorages 
Because of t h e  low mooring f o r c e s  i t  i s  n o t  
n e c e s s a r y  t o  d e s i g n  any s p e c i a l  a t t achment  t o  t h e  
s e a  bed. The Team w a s  s u r p r i s e d  t h a t  clump 
anchors  of mass c o n c r e t e  a r e  c h e a p e s t  and a l l  
t h a t  i s  n e c e s s a r y ,  though t h e  f i n a l  shape  and 
c o n f i g u r a t i o n  w i l l  be dec ided  t o  s u i t  a c t u a l  s e a  
bed c o n d i t i o n s .  Clump anchors  would be e q u a l l y  
s u i t a b l e  f o r  t h e  rocky bottom o f f  S. U i s t  o r  t h e  
sandy bottom of t h e  S. Western approaches .  
I n  s u i t a b l e  bottom c o n d i t i o n s ,  however, a  
modi f i ed  v e r s i o n  of t h e  Bruce anchor  i s  be ing  
cons idered .  
2.5.4 Other  D e t a i l s  
The f l o a t s  o r  r i s e r s  t o  be used w i t h i n  t h e  sys tem 
a p p e a r  t o  be w i t h i n  t h e  c u r r e n t  technology and 
t h e r e f o r e  have been g i v e n  no p r i o r i t y  i n  t h i s  u p  
d a t e .  
Duck Mooring 1981 
In t roduc t ion  
For e a r l i e r  duck des igns  o u r  p r e d i c t i o n s  f o r  mooring f o r c e s  were very 
low. Indeed they were s o  l o w  and we had s o  many o t h e r  problems t o  engage 
ou r  a t t e n t i o n  t h a t  we p u t  no e f f o r t  i n t o  reducing them. The 1981 ducks 
a r e  b igge r .  I f  we apply s c a l i n g  r u l e s  we f i n d  t h a t  while  f o r c e s  are s t i l l  
smal l  by wave energy s t anda rds  we can no longer  be complacent about  them. 
This  no te  o u t l i n e s  t h e  background and sho& t h a t  t he re  a r e  good reasons t o  
hope t h a t  w e  can reduce p r e s e n t  va lues  by a f a c t o r  of two o r  three. 
Theory 
The s t a r t i n g  p o i n t  f o r  mooring design i s  the  f a c t  t h a t  i n  a d d i t i o n  t o  
t he  a l t e r n a t i n g  loads  caused by waves and t h e  d i r e c t  loads caused by 
c u r r e n t s  and winds, t h e r e  is a l s o  a d i r e c t  load caused by wave momentum. 
The c l a s s i c a l  paper  i s  by Longuet-Higgins and Stewar t ,  1964. I t  t u r n s  
o u t  t h a t  for t h e  c u r r e n t s  i n  the open A t l a n t i c  and f o r  deeply immersed 
devices  l i k e  ducks, t h i s  i s  by f a r  t h e  b i g g e s t  f o r c e .  The value p e r  metre i s  
If A = amplitude i n  metres  then F w i l l  be i n  Newtons. But f o r  rough c a l c u l a t i c  
by busy c i v i l  eng inee r s  we should n o t e  t h a t  p g  i s  almost  t he  same value a s  
t he  conversion from Newtons t o  Old tons .  
We can u n d e r s t a d  t h e  i n t e r p l a y  of i n c i d e n t  r e f l e c t e d  and t r ansmi t t ed  
amplitude by cons ider ing  the  fo l lowing  c a s e s  w i th  i n c i d e n t  wave amplitude 
of  one metre .  
1. A cylinder held rigidly some distance below 
the surface i s  transparent to  waves. The 
reflected amplitude i s  zero and, as no power 
i s  absorbed, the incident and transmitted 
amplitudes are equal. I t  follows that the 
mooring force is  zero. 
P = i p g  [l' + 0 - l'] 
2. A rigid; infini te ,  vertical c l i f f  i s  a 
perfect reflector. The transmitted smplitu& 
is zero but the reflected amplitude is equal 
t o  the incident one. 
tons per metre 
3. A 'perfect '  wave energy device transmits 
nothing and reflects  nothing. 
0 2 5  tons per metre 
. . 
An imperfect but s t i l l  linear wave energy 
device i s  80% eff ic ient  and loses 5 %  by 
reflection and 15% by transmission. These 
losses w i l l  result from a reflected amplitude 
of 0223 metres and transmitted amplitude of 
*387 metres. 
= - 2 2 5  tons per metre - just less 
than the case above. 
I m p l i c a t i o n s  
The l e s s o n  s o  f a r  i s  c l e a r .  We can do n o t h i n g  t o  c o n t r o l  A i n c i d e n t .  
But w e  must r e f l e c t  a s  l i t t l e  as p o s s i b l e  and make s u r e  t h a t  w e  t r a n s m i t  a s  
much as p o s s i b l e  when t h e  incoming power i s  t o o  b i g  f o r  convers ion .  I t  is 
t h e  tendency to  r e f l e c t  e x c e s s  power which p u t s  up t h e  mooring f o r c e s  o f  
OWC t e r m i n a t o r s .  F o r t u n a t e l y  f o r  us,ducks t e n d  t o  t r a n s m i t  e x c e s s  e n e r g y  
by y e i l d i n g  i n  j o i n t s  and by c a p s i z i n g .  
Now t h e  problem becomes more i n t e r e s t i n g .  Longuet-Higgins and S t e w a r t  
s a y  n o t h i n g  abou t  wave period. W e  have s o  far  o n l y  d i s c u s s e d  l i n e a r  d e v i c e s  
which s e n d  o f f  t h e i r  r e f l e c t i o n s  a t  t h e  same p e r i o d  a s  t h e  i n c i d e n t  e n e r g y ,  
But  wave energy  d e v i c e s  can  be n o n - l i n e a r  and r a d i a t e  energy  a t  harmonies  
o f  t h e  incoming p e r i o d s .  When w e  c a r r i e d  'out e x p e r i m e n t s  w i t h  c y l i n d e r s  
v e r y  close t o  t h e  s u r f a c e  (p23 e t  seq. o f  o u r  1975 r e p o r t ;  p17.1 o f  o u r  
1976 r e p o r t )  w e  found t h a t  t h e r e  was sometimes a negative mooring f o r c e .  
A s  we were t r y i n g  t o  measure t h e  mean v a l u e  o f  a l a r g e  a l t e r n a t i n g  s i g n a l  
and  a s  t h e  same r e s u l t  would arise from a n o n - l i n e a r i t y  i n  s t r a i n  gauges  
w e  were c a r e f u l  a b o u t  drawing c o n c l u s i o n s .  But when w e  r e l e a s e d  t h e  c y l i n d e r  
from i t s  mounting it s e t  o f f  s t e a d i l y  towards  t h e  wave maker. The phenomenon 
was e x p l a i n e d  by Innguet-Higgins  i n  1977. Wave p e r i o d  i s  t h e  key. 
Suppose t h a t  w e  have t o  r a d i a t e  a g i v e n  amount o f  power b u t  can u s e  a 
n o n - l i n e a r  mechanism t o  d o  s o .  N o n - l i n e a r i t y  means t h a t  some power w i l l  b e  
qol nq an  hlqhor  harrnonicm. Pawer in p r o p o r t l u n n l  t o  nrnpli tutlr, ~qtlern4tirnnla 
p e r i o d  eo that if we reduce p e r i o d  we muet intzreaoe amplitude to  keep the 
power e q u a t i o n s  r i g h t .  The c y l i n d e r s  n e a r  t h e  s u r f a c e  were b r e a k i n g  up t h e  
haves  p a s s i n g  above them s o  t h a t  t h e  t r a n s m i t t e d  energy  had i t s  p e r i o d  
reduced  a n d  i ts  a m p l i t u d e  i n c r e a s e d .  
I n  rough c o n d i t i o n s  t h e  same t h i n g  can happen w i t h  ducks .  W e  have 
a c t u a l l y  recorded  n e g a t i v e  mooring f o r c e s  d u r i n g  some tests. While i t  i s  
e x c e l l e n t  t o  t r a n s m i t  a t  s h o r t e r  p e r i c d s  it i s  u n d e s i r a b l e  t o  r e f l e c t  
harmonics .  I n  s m a l l  t o  moderate c o n d i t i o n s  i n  t h e  narrow tank  we r e c o r d  
mooring f o r c e s  abou t  t h r e e  times above what w e  would e x p e c t  from a l i n e a r  
d e v i c e  o f  t h e  same power a b s o r p t i o n .  T h i s  must be  because  we a r e  l o s i n g  
energy  from h i g h  f requency  r e f l e c t i o n .  There  are two e s c a p e  r o u t e s :  t h e  
f i r s t  i s  t o  modify t h e  shape t o  make swept volume more l i n e a r  w i t h  a n g l e ;  
t h e  second i s  t o  i n t r o d u c e  a compensat ing harmonic c o n t r o l  t o  t h e  damping 
term. I f  we can do t h i s  w e  s h o u l d  b e  a b l e  t o  r e l a t e  mooring f o r c e  t o  
e x t r a c t e d  power as b o t h  a r e  p r o p o r t i o n a l  t o  the s q u a r e  of an a m p l i t u d e .  
TJkln.; SSkw/metre a t  a p e r i o d  o f  8 seconds  would l e a d  t o  mooring f o r c e s  of 
about  20 t o n s  p e r  duck. We may b e  a b l e  t o  reduce t h i s  by b r e a k i n g  up t h e  
t r a n s m i t t e d  wave i n t o  s h o r t e r  wavelength  components. W e  can a l s o  e x p e c t  
some r e d u c t i o n  because  o f  t h e  a n g u l a r  s p r e a d  of  incoming waves: b o t h  i n c i d e n t  
and r e f l e c t e d  momentum stresses o u g h t  t o  reduce w i t h  i n c i d e n t  angle whereas 
j o i n t  y i e l d i n g  a t  e x c e s s  bend ing  moments c r e a t e s  s t e r n  waves w i t h  a r e l a t i v e l y  
narrow a n g u l a r  s p r e a d .  
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Equa t ions  
Power P = P ~ A ' T  
8n 
For t h e  p e r f e c t  d e v i c e  t h e  Mooring Force  
F = t p g  p e r  metre w i d t h  
- Power -2n 
P 
newtons/= tre 
2.6 Power Convers ion System 
2.6.1 Pr imary Power Absorber  
The p r imary  i n t e r f a c e  w i t h  t h e  w a t e r  i s  t h e  body 
of  t h e  Duck, which i s  f r e e  t o  r o t a t e  abou t  t h e  
s p i n e  i n  r e s p o n s e  t o  wave a c t i o n .  The p r o f i l e  i s  
t o  computed p r o f i l e  r e f .  D.0031 shown on Drawing 
No. 10102 ( s e e  S p e c i f i c a t i o n  Shee t  No. 1). 
Normal nodding a n g l e s  a r e  a b o u t  one r a d i a n  and 
ex t reme  mot ions  abou t  4 r a d i a n s .  Marine f o u l i n g ,  
a c c o r d i n g  t o  t h e  S c o t t i s h  Marine B i o l o g i c a l  
A s s o c i a t i o n ,  w i l l  grow t o  a maximum of 100 mm 
t h i c k  and have a  d e n s i t y  of 1.3. No r e d u c t i o n  i n  
o u t p u t  was produced i n  model t e s t s  w i t h  f o u l i n g  
e q u i v a l e n t  t o  600 mm. 
2.6.2 Mechanical  Power Convers ion 
(Drawing No. 10080) 
The mot ion of t h e  Ducks r e a c t s  a g a i n s t  a 
r e f e r e n c e  cage h e l d  by t h e  p r e c e s s i o n  o f  s p i n n i n g  
p a i r s  of gyros .  T h i s  r e l a t i v e  mot ion i s  used t o  
d r i v e  a  s e r i e s  of pumps o p e r a t i n g  on a  r i n g  cam. 
Power can  be absorbed  by a  number of t h e s e  pumps; 
t h e  number s e l e c t e d  shou ld  be chosen t o  p rov ide  
damping t o  match t h e  s e a  s t a t e .  The o u t p u t  from 
t h e s e  pumps i s  f e d  th rough  s w a s h p l a t e  pump/motors 
t o  t h e  f l y w h e e l s  of t h e  gyroscopes .  A p a r a l l e l  
t a k e  o f f  f e e d s  a  f u r t h e r  s w a s h p l a t e  pump motor 
u n i t  d r i v i n g  t h e  synchronous g e n e r a t o r  a t  t h e  
o u t p u t  of t h e  u n i t .  
The swashp la te  a n g l e s  on t h e  pump/motor u n i t  
d r i v i n g  t h e  f l y w h e e l s  v a r y  from p o s i t i v e  t o  
n e g a t i v e  a t  t w i c e  t h e  wave f requency  (approx.  1 
p e r  5  s e c s ) .  When t h e r e  i s  s u r p l u s  energy  i t  i s  
f e d  i n t o  t h e  f l y w h e e l s  t o  speed them up and when 
t h e r e  i s  a  l a c k  of energy  t h i s  s u r p l u s  may be 
drawn from f l y w h e e l s  t h u s  e n s u r i n g  a  c o n s t a n t  
s u p p l y  t o  t h e  motor u n i t  d r i v i n g  t h e  g e n e r a t o r .  
The whole of t h i s  arrangement i s  mounted w i t h i n  
t h e  low p r e s s u r e  a r e a  c o n t a i n e d  w i t h i n  t h e  
c a n i s t e r .  The speed of t h e  f l y w h e e l  w i l l  o n l y  
v a r y  by 2 RPM t o t a l  f o r  a  1500 RPM nominal speed.  
The p r e s s u r e  w i t h i n  t h e  c a n i s t e r  i s  below 5  t o r r  
e n s u r i n g  t h a t  windage l o s s  f o r  each f l y w h e e l  i s  
l i m i t e d  t o  7 kW. The working f l u i d  i s  a s p e c i a l ,  
narrow c u t ,  low v i s c o s i t y ,  m i n e r a l  o i l  c o n t a i n i n g  
a n  a n t i w e a r  o r  EP a d d i t i v e ,  which h a s  a  b o i l i n g  
range  t y p i c a l l y  from 260 t o  3 3 5 ' ~  and a 
0 
v i s c o s i t y  of approx.  21 c s t  a t  8  C. The vapour 
p r e s s u r e  even a t  1 0 0 ~ ~  of t h e  p roduc t  i s  
r e a s o n a b l y  low. With a  sys tem p r e s s u r e  of 5  mm Hg 
t h e  o i l  makes no s i g n i f i c a n t  c o n t r i b u t i o n  t o  t h e  
p r e s s u r e .  The o i l  recommended by B.P. O i l  
L imi ted  i s  p r i c e d  a t  38p p e r  l i t r e  and i s  
e s t i m a t e d  t o  have a l i f e  w e l l  above 25 y e a r s .  
The h y d r a u l i c  sys tem h a s  a  r e t u r n  p r e s s u r e  of 50 
p . s . i . ;  t h i s  p r e s s u r e  i s  ach ieved  w i t h  t h e  u s e  of 
a n  e d u c t o r  t y p e  pump ( i . e .  a  pump w i t h  no moving 
p a r t s )  and t h e  pump i s  submerged t o  a  d e p t h  of 
350 mm which i s  s u f f i c i e n t  t o  keep i t  o p e r a t i n g  
w i t h o u t  c a v i t a t i o n .  
A p r o p o r t i o n  of t h e  o i l  i s  bypassed t h r o u g h  t h e  
f l y w h e e l  s h a f t s  and s u b j e c t e d  t o  1000 G f o r  180 
seconds  t r a n s i t  t ime  t h u s  removing a l l  m e t a l l i c  
p a r t i c l e s  and o t h e r  d e b r i s .  The absence  of 
oxygen g r e a t l y  e x t e n d s  t h e  l i f e  of  t h e  o i l .  A 
c h a r t  e x t r a c t e d  from "Engineer ing"  Tech. F i l e  No. 
9 3  i l l u s t r a t e s  t h i s  (F ig .  1 Page 27)  and shows a  
p e r m i s s i b l e  maximum o p e r a t i n g  t e m p e r a t u r e  of 250' 
C f o r  a  25 y e a r  l i f e .  E x c e s s i v e  h e a t  i s  
e x t r a c t e d  by a h e a t  exchanger  mounted a t  one end 
of t h e  v e s s e l .  The a p p r o p r i a t e  s p e c i f i c a t i o n  
s h e e t s  a r e  appended t o  t h i s  pa ragraph .  
-29 - 
2.6.2. M e c h a n i c a l  Power C o n v e r s i o n  
BASED ON CURVE I N  "ENGINEERING1' 
TECHNICAL FILE rJO. 93 (SEPT 1981 ) 
Life, h 
Approximate life of refine mineral oils 
WITH ACKNOWLEDGEMENTS TO T.I. FOWLE 
DUCK SPECIY ICATION 
P r o f i l e  s h a p e  
Base  d i a m e t e r  
Hub d e ~ ~ t h  
Water l i n e  l e n g t h  
Hydrodynamic w i d t h  
P h y s i c a l  w l d t h  
Torque  lm,t  
Power l m l t  mean l o n g  term a t  g e n e r a t o r  o u t p u t  
Power l i m l t  i n s t a n t a n e o u s  a t  3 2 0 0 p s i  A 
Duck a n g u l a r  v e l o c i t y  
S u r v i v a l  d e p t h  
C a n i s t e r  i n s i d e  d i a m e t e r  
Power d e n s i t y  l i m i t  a t  sea i n t e r f a c e  
Power d e n s i t y  a t  duck t e r m i n a l  
- 
Power d e n s i t y  a t  Skye t e r m i n a l  ( 0  = . 87  X - 9 7 )  
I n p u t  power l i m i t  i n s t a n t a n e o u s  a t  4800 p s i  
Over load  o u t p u t  ( 2 0  m i n s )  
(91 008'8E) axnssaxd -px?rnou e 2-e axxo3 au?? 
- oxA6 xad sue3 6u-c~ 
PRIMARY HYDRAULIC SPECIFICATION - 
Bore 
p 
Working pressure (3250 p s i )  
Boost pressure (50 p s i )  - 
Power s t rokes  per  cy l inder  i n  25 yea r s  
O i l  v i scos i ty  ( 2 1  cen t ipo i se  " 3 p Reyn) 
Max operat ing r a t e  of r o l l e r  fo l lowers  
Max duck torque with 85% r o l l e r s  a t  3200 p s i  

GYRO D I S C  SPECIFICATION 
S t o r e d  e n e r  
Bear ing  d i a m e t e r  (nominal)  
t I I t i t l  SI 'FXU GYRO BE:AItINGS SPECIFICATION - --- 
l Maximum radial  force 
Projected pocket area effect ive t 
I Full  load high side pocket pressure (2067 p s i )  
Full load low side pocket pressure (110 ps i )  
( O f f  load high side pocket pressure (602 ps i )  
t 
1 O f t  lodd low side pocket pressure 
b - 
(435 ps i )  
orA6 xad qndqbnoxqq ZaqTrj 
axnssaxd 7sow 
Teuxou axnssaxd urnmTmN 
quyod uxnqax 3; asp axnqexadura) urnmTxeH 
axnqexadwaq duns 6ugoo3 
2.6.3 Power Canister 
The present costings are based on conventional 
pressure vessel design for this item although the 
team are considering concrete alternatives with a 
steel inner membrane. 
Advice on leakage rates and production methods 
was sought of British Oxygen Co. (Cryoplant Ltd). 
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Their standard leakage rate is 1 X 10 torr 
litrelsec. and the accompanying calculation is 
based on this production leakage rate which we 
are told applies to quite complicated 
arrangements of branches and nozzles. Our power 
canister will have no more than 6 individual 
branches. The canister is designed against an 
external pressure of 3 atmospheres and is fitted 
with a frangible disc that will implode at this 
pressure in the event of excessive submergence 
thus avoiding a total collapse of the canister 
onto the machinery inside. 
2.6.4 Electrical Generation 
(Drawing No. 10071.) 
The 1981 wave energy device differs significantly 
in some respects from the 1979 device which was 
also based upon a.c. synchronous generation. 
There are now two generators per duck and energy 
is also generated from the movement at the 
flexible joints of the spine. An intermediate 
transformation from 3.3 kV to 33 kV has been 
included to reduce the number and cost of the 
cables down the spine. 
2.6,3 Power Canister - Leak Rates - 1981 Reference Design 
Power Canister is 5.5m dia  X 18.25m long 
= 433590 l i t r e s  
Leak r a t e  permissible f o r  5 Torr r i e e  i n  25 years 
= 433590 X 5 
25 X 8766 X 3600 
= 2.75 x I O - ~  Torr l i t r e s / s ec  
-6 
Standard leakage allowed by BOC = 1 X 10 Torr l i t r es / sec .  
( ~ r y o p l a n t  Limited on Cryogenic Vessels) 
Permissible no of leaks  t o  achieve standard leak r a t e  f o r  vessel  is 
Out-gassing does not become a problem above I o - ~  Torr or  1/27th of  the  
pressure we a r e  using. 
3 3 I [N.B. 1 Torr l i t r e s / s ec  = 2120 micron f t  /min = 78.97 atm cm /min 
P.B.WILLIAMS 
JOHN LAING 
The c o l l e c t i o n  and t r ansmis s ion  scheme descr ibed  
g ives  t h e  b e s t  c o s t  of a l t e r n a t i v e s  s tud i ed .  A 
275 kV c a b l e  t ransmiss ion  from t h e  s p i n e  t o  sho re  
was inc luded  i n  t h e  a l t e r n a t i v e  schemes s tud i ed .  
Drawing No. 10021 shows t h e  geographica l  l o c a t i o n  
of t h e  device  a r r a y ,  which i s  ar ranged  i n  e i g h t  
groups w i th  1 km sepa ra t i on .  
2.6.5 Generators  
Fu r the r  e n q u i r i e s  wi th  a  number of manufacturers  
have enabled us  t o  reduce t h e  c o s t  pe r  kW of t h e  
gene ra to r s  t o  £25 p e r  kW compared wi th  £35.5 pe r  
kW used i n  t h e  1979 r e p o r t  even though t h e  s i z e  
has  been reduced f rom2 .4  MW t o  1.2 MW. Even s o ,  
t h e  c o s t ,  a t  f i r s t  s i g h t ,  may appear  h igh  
compared wi th  p r i c e s  f o r  machines of t h i s  s i z e  
a d v e r t i s e d  by manufacturers  of s tandby gene ra to r s  
which a r e  a v a i l a b l e  a t  E9 per  kW. 
Such machines a r e  not  a v a i l a b l e  wi th  3.3 kV 
windings. The c o s t  of t h e  necessary  t ransformer  
t o  r a i s e  from 415 V (about  £4 pe r  kW) o f f s e t s  
some of t h e  c o s t  advantage of us ing  415 V 
machines. 
The need f o r  many yea r s  of unat tended running 
n e c e s s i t a t e s  t h e  b e s t  bear ing  l u b r i c a t i o n  system 
which f u r t h e r  i n c r e a s e s  t h e  c o s t .  Each machine 
w i l l  be capable  of gene ra t i ng  a t  0.8 pf l a g  
and 0.85 pf load. An a d d i t i o n a l  £10,000 h a s  been 
allowed t o  cover  t h e  c o s t  of t h e  c i r c u i t  b reaker  
and t h e  c o n t r o l  and monitor ing equipment. 
POWER CANISTER ELECTRICAL EQUIPMENT lue at 30.9.81 
Generator 
Rated output 
.- - I 
Rated power factor 0.85 lag 
Terminal voltage I kV 3 . 3  
I 
Rated frequency Hz 5 0 
I I 
Rated speed I rev/min I l500 
I 
Mounting Horizontal -- 
Plain sleeve,oil 
Bearings (End shield mounted) ring lubricated 
Overall dimensions (L X W X H) mm 12000 X 1000 X 1405 
1 I 
Weight t 3.9 -- 
Excitation system Brushless 
Shaft mounted 
Excitation power supply PMG pilot exciter 
Auxiliary Power Transformer 
L Rating (3 phase/50Hz) 
p- 
) Voltage ratio 
I Cooling 




Rated continuous current 
Fault current rating L.-
( For protection, metering, synchron- 
Voltage transformers is inp and AVR requirments) 
current transformers For protection, metering and AVR requlrements 




2 X three xhase sets 
25015 
I BatteryjCharger Unit I 
Battery type 
battery vo 
Capacity of batter 
Overall dimensions (L X W X H) I m 
Dormancy Pump Motor l----- 
Rated output I kW 
I Rated voltage (3 phase, 50Hz) 
I 
I Rated current I A 
Rated speed revlmin 
Enclosure classification (Totally enclosed) 
1 Overall dimensions (L X W x H) I InIn 
Weight kg 
POWER CAWISTER ELECTRICAL EQUIPMENT (CONTINUED) 
Scoop Pump Motor 
-- -- 
Rated output - -. . - -- -- -  
Rated voltage (3 phase, 50Hz) ------- 
Rated current 
Rated speed 
Enclosure classification (Totally enclosed) 
C (@.l d r i p  & CCXI&nally Cooling classification (rmd 1 - 
C Overall diluentions (L X W X H) - 
Weight ----- 
Control Cubicle housing the following 
AVR and Excitation Cont_rol Equipment ---- -
Autosynchronizer 
I Protection Relays 
I kW/kVAr Control Equipment 
L- Metering Transducers 
C Instrumentation Transducers 
I Overall dimensions (L X W X H) 
HEAT LOSSES FROM ELECTRICAL EQUIPMENT 
Power Canister - 
Generator 
- - 
Auxiliary Power Transformer - -- -- - 
Control Cubicle 
Black-Start Pump Motors 
Dormancy 
Scoop 
Maximum losses to dissipate 
--A 




( P ) 2  where P=actual 
0.44 + 1.7 (100) output in -kVA 
I 
Generator 
C- same as Canister Generator except for: I 
I Enclosure classification (Totally enclosed) I 
(Closed air circuit, water cooled I Cooling ication (with separately mounted heat exchanger) 
I 
I Overall dimensions (L X W X H) 
l 
Weight t 
Sub-Group Transformer I 
Rating I MVA 
Cooling I 
Voltage ratio 
Overall dimensions (L X W X H) 1 mm 
kV 






4000 X 3500 X 3500 
t 




I Voltage ratio 
C Cooling 
I Overall dimensions (L X W X H) 
Weight l------- -P - 
33 kV Switchgear L-- 
Arrangement (2 X 5 panel) I----- 
L Rated continuous current 
Fault current rating 
Voltage transformers (For protection requirements) 
Current transformers (For pratection requirements) I
Overall dimensions (Length X Width X Height) 
Weight 
Unit I Value at 30.9.81 I 
kA 31.5 
2 X 33/0.110 kV 
(1 per 33kV bus) 
1 X 3 phase set per 
circuit 300/5A 
SPINE GROUP ELECTRICAL EQUIPMENT (CONTINUED) 
Arrangement 
-- 4 Switch mesh 
/ SF, metal enclosed 
Rated continuous current A 1600 
Fault current rating kA 40 
I I 
Overall dimensions (L X W X H) I mm / 6000 X 5500 X 5000 
Weight t 40 
2.6.6 O ~ e r a t i o n a l  C o n t r o l  Svstems 
The c o n t r o l  sys tem f o r  e a c h  Duck i s  based on 
micro-processors .  Acce le romete rs  w i t h i n  t h e  
p r e s s u r e  v e s s e l  measure t h e  duck motion and f e e d  
t h i s  i n f o r m a t i o n  t o  t h e  micro-processors  which i n  
t u r n  set t h e  l e v e l s  of a c t i v i t y  of c e r t a i n  
f u n c t i o n s ,  t h e  main ones of which a re : -  
( i >  The Enab l ing  o r  I n l e t  Valve of t h e  r i n g  
cam pump c y l i n d e r s .  The secondary 
c i r c u i t s  w i l l  i n h i b i t  t h i s  i n i t i a t i o n  i f  
t h e y  have p r e v i o u s l y  sensed  a  chipped 
l o b e ,  a  cracked cam r o l l e r  o r  any o t h e r  
mechan ica l  damage, a l l  of which can be 
s e n s e d  by a  s t r a t e g i c a l l y  p l a c e d  p i e z r  
e l e c t r i c  c r y s t a l s .  Normal o u t p u t  w i l l  
n o t  be a f f e c t e d  by t h e  f a i l u r e  of 15% of 
t h e  c y l i n d e r s .  
( i i )  Torque of t h e  h y d r a u l i c  u n i t s  i s  t h e  
p roduc t  of supp ly  p r e s s u r e  and swash 
p l a t e  ang le .  Th i s  a n g l e  i s  c o n t r o l l e d  by 
a  h y d r a u l i c  computing v a l v e  w i t h i n  t h e  
u n i t  i t s e l f .  The c o n t r o l  p r e s s u r e  w i l l  
be a paramete r  which i s  s e t  by t h e  r a t e  
of g y r o  s p i n .  
The major requirement i s  t h a t  t he  
h y d r a u l i c  u n i t s  a s s o c i a t e d  wi th  t h e  
f lywheels  s h a l l  have t h e i r  swashplates  
moving g e n t l y  from p o s i t i v e  t o  nega t ive  
i n  sympathy wi th  t h e  wave a r r i v a l  
per iods .  This  o s c i l l a t i o n  w i l l  cause a  
swing i n  t h e  RPM of t h e  main f lywheel  
d i s c  from 1499 t o  1501 and w i l l  a l l ow  an  
output  from t h e  main a l t e r n a t o r  d r iven  by 
a  f u r t h e r  swashplate  u n i t ,  synchronised 
wi th  t h e  g r i d  a t  a  nominal 50 Hz. 
( i i i )  Aux i l i a ry  c i r c u i t s  a s s o c i a t e d  wi th  t h e  
micro-processor w i l l  monitor such 
parameters  a s  o i l  and tempera ture ,  o i l  
f low, vacuum l e v e l s  i n  t h e  power 
c a n i s t e r s  and t h e  o t h e r  parameters 
r equ i r ed  f o r  t h e  s u c c e s s f u l  ope ra t i on  of 
t h e  device.  The micro-processors w i l l  be 
connected t o  an on-board computer. This  
computer w i l l  normally s t o r e  information 
f o r  a  per iod  ( say  3 hr . )  before  
t r a n s m i t t i n g  ashore  but w i l l  a l s o  have a 
p r i o r i t y  system such t h a t  any parameter 
exceeding i t s  b u i l t - i n  l i m i t  w i l l  be 
n o t i f i e d  immediately. 
The team i s  a n t i c i p a t i n g  t h a t  f i b r e  o p t i c  
channels  b u i l t  i n t o  t h e  main undersea 
cab l e s  w i l l  be t h e  b e s t  technique f o r  
s i g n a l  t r ansmis s ion  t o  and from shore  and 
between u n i t s .  
D u p l i c a t e  o r  t r i p l i c a t e  methods of 
c o n d i t i o n  m o n i t o r i n g  w i l l  be b u i l t  i n t o  
t h e  on-board computer sys tem t o  e n a b l e  
r e l i a b l e  i n f o r m a t i o n  t o  be s e n t  a shore .  
The system d e s i g n  w i l l  n o t  r e q u i r e  wide 
band wid th  communications. Most d e c i s i o n  
making w i l l  t a k e  p l a c e  on board. 
( i v )  D e t a i l e d  d e s i g n  of t h e  sys tem h a s  n o t  
been pursued a s  t h e  r a t e  of advance of 
t h i s  technology i s  s o  r a p i d  t h a t  any 
sys tem des igned  today would be out-of- 
d a t e  when i t  i s  needed even i f  t h i s  were 
o n l y  i n  3 y e a r s  t ime.  
A u x i l l a r y  P l a n t  and Equipment 
2.7.1 A u x i l l a r y  Power Systems 
Each duck power c a n i s t e r  needs  e l e c t r i c a l  power 
of 6 kW t o  s t a r t  from ' c o l d ' .  T h i s  power would 
normal ly  be  drawn from o p e r a t i n g  u n i t s  bu t  cou ld  
be  s u p p l i e d  from a  s h i p  borne g e n e r a t o r ,  o r  from 
land .  
Hea t ing ,  l i g h t i n g  and v e n t i l a t i o n  have been 
g e n e r a l l y  c o n s i d e r e d  bu t  n o t  des igned  i n  d e t a i l  
a t  t h i s  s t a g e  of development,  
The duck s t r i n g  w i l l  be p rov ided  w i t h  n a v i g a t i o n  
l i g h t i n g ,  r a d a r  r e f l e c t o r s  and any  o t h e r  d e v i c e s  
thought  n e c e s s a r y  by t h e  a p p r o p r i a t e  a u t h o r i t y .  
2.8 Power C o l l e c t i o n  and Transmiss ion  
Power C o l l e c t i o n  - Sub-Grouping 
The most economical  arrangement f o r  t h e  sub- 
g roup ing  i s  shown i n  F i g  3  of Drawing No. 10071. 
The c a b l e  l e n g t h  and t h e r e f o r e  t h e  c o s t s  have 
been k e p t  s h o r t .  33 kV i s  chosen a s  t h e  
i n t e r m e d i a t e  v o l t a g e  a s  t h e  power t r a n s f o r m e r s  
and s m a l l e r  q u a n t i t y  of c a b l e s  a t  t h i s  v o l t a g e  
g i v e s  t h e  b e s t  c o s t .  
The 2 2  kV scheme was approx imate ly  10 p e r  c e n t  
more expens ive  f o r  t h i s  sub-grouping. 
Where t h e  c a b l e s  pass  th rough  w a t e r t i g h t  
bulkheads  epoxy r e s i n  bushing s p o u t s ,  s i m i l a r  t o  
t h o s e  used on s w i t c h g e a r  h a s  been inc luded .  For  
3 3  kV t h i s  would be one p e r  phase p e r  c a b l e  and 
f o r  3 . 3  kV we e n v i s a g e  a  three-phase  moulding. 
These 33 kV and t h e  3 . 3  kV b a r r i e r  bushings  of 
t h e s e  t y p e s  can  be accommodated i n  a  1  m d i a m e t e r  
b a r r i e r .  
Each sub-group w i l l  have 12 duck and 1 s p i n e  
g e n e r a t o r  connected t o  a 3.3/33 kV 20 MVA 
t r a n s f o r m e r ,  which w i l l  be accommodated i n  t h e  
s p i n e .  Each g e n e r a t o r  c a b l e  w i l l  be f u s e  
p r o t e c t e d  a d j a c e n t  t o  t h e  t r a n s f o r m e r  w h i l s t  t h e  
t r a n s f o r m e r  and i t s  33 kV c a b l e  w i l l  be swi tched  
by a  c i r c u i t  b r e a k e r  a d j a c e n t  t o  t h e  main group 
t r a n s f o r m e r .  
Each s u b g r o u p  w i l l  occupy 270m of s p i n e  and i s  
r a t e d  15.6 MW. 
2.8.2 Main Grouos 
Each main group w i l l  comprise  18 sub-groups, 9 t o  
e a c h  low v o l t a g e  winding of t h e  300 MVA, 331132 
kV t r a n s f o r m e r .  To reduce  t h e  number (and  c o s t )  
of t h e  33  kV c a b l e s  and s w i t c h g e a r  of t h e  sub- 
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g roups ,  t h e y  w i l l  be p a i r e d  on a  400 mm c a b l e ,  
w i t h  t h e  e x t e n s i o n  t o  t h e  o u t e r  sub-group of t h e  
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p a i r  hav ing  185  mm c a b l e  s i z e .  
Vacuum o r  SF6 33 kV c i r c u i t  b r e a k e r s  a r e  
a v a i l a b l e .  These have s m a l l  o p e r a t i n g  energy 
requ i rements  and r e q u i r e  maintenance n o t  l e s s  
t h a n  e v e r y  10 y e a r s .  A 100 kVA t r a n s f o r m e r  w i l l  
p r o v i d e  t h e  n e c e s s a r y  s w i t c h g e a r  energy  
requ i rements  (and charge  a  b a t t e r y )  and t h e  
c i r c u l a t i n g  w a t e r  c o o l i n g  f o r  t h e  main 
t r a n s f o r m e r .  
A f o u r  s w i t c h  mesh-connected 132 kV swi tchboard  
a d j a c e n t  t o  t h e  t r a n s f o r m e r  w i l l  bus t o g e t h e r  t h e  
main t r a n s f o r m e r ,  t h e  s p i n e - t c r s h o r e  c a b l e  and 
t h e  i n t e r c o n n e c t i n g  c a b l e s  between t h e  a d j a c e n t  
main groups.  The o u t e r  main groups  w i l l  n o t  
r e q u i r e  t h i s  s w i t c h g e a r  ( a s  i n d i c a t e d  i n  F i g  1  of 
Drawing No. 10071). 
The e l e c t r i c a l  arrangement of t h e s e  main groups 
i s  shown i n  F ig  2 (Drawing No. 10071.) 
Each main group i s  r a t e d  280 MW and occupies  4.86 
km of sp ine .  
2.8.3 Power Transmission 
Each main group i s  assumed t o  be s epa ra t ed  by 1 
km t o  a l l ow  s h i p  t r a f f i c  and f a c i l i t a t e  towing 
and i n s t a l l a t i o n  of each main group sp ine .  
S i x  132 kV 1600 mm2 3 core  c a b l e  c i r c u i t s  w i l l  
extend between t h e  sp ines  and s h o r e ,  each  capable  
of ca r ry ing  t h e  maximum power of 1 main groups. 
A submarine cab le  i n t e r c o n n e c t i o n  along t h e  
s p i n e s  w i l l  f a c i l i t a t e  l a t e r a l  power f low and 
enab le  f u l l  power t o  be genera ted  w i th  one main 
c a b l e  out  of s e r v i c e .  The revenue from 280 MW 
f o r  6 months a t  80 pe r  cen t  load  f a c t o r ,  which 
would be l o s t  i f  t h e r e  was no a l t e r n a t i v e  cab l e  
r o u t e ,  would cover t h e  c o s t  of p rovid ing  t h e  
i n t e r connec t ion .  A t  lower than  f u l l  power 
t r a n s f e r ,  some of t h e  main c a b l e s  can be switched 
ou t  t o  reduce t h e  charging c u r r e n t  which w i l l  i n  
t u r n  a s s i s t  t h e  vo l t age  c o n t r o l  and reduce 
l o s s e s .  
The es t imated  c o s t s  of t h e  submarine cab l e s  i s  
based on world compet i t ive  cab l e  p r i c e s  and 
l a y i n g  c o s t s  advised  by Wharton Williams. 
They a r e ,  i n  our  op in ion ,  a reasonable  e s t i m a t e  
a l though t h e  amount of submarine c a b l e  suppl ied  
i n  r ecen t  yea r s  does no t  a l l ow  t h e  same 
confidence i n  cab l e  c o s t s  a s  we have i n  t h e  o t h e r  
c o s t  e s t ima te s .  
The 132 kV main cab l e s  w i l l  be grouped t o  two - 
1 c i r c u i t  b reaker  swi tch ing  s t a t i o n s  on t h e  west 
coas t  of S. U i s t .  Two double c i r c u i t  132 kV 
overhead l i n e s  from each of t h e s e  s t a t i o n s  t o  t h e  
main t ransforming s t a t i o n  on t h e  e a s t  coas t  w i l l  
c a r r y  t h e  f u l l  power w i th  one l i n e  from each 
s t a t i o n  ou t  of s e r v i c e .  
A t  t h e  main t ransforming s t a t i o n  a  1  c i r c u i t  
b reaker  swi tch ing  arrangements have been chosen 
f o r  both 132 kV and 400 kV a s  i t  has  very h igh  
r e l i a b i l i t y  and i s  on ly  10 p e r  cen t  more c o s t l y  
t han  t h e  less r e l i a b l e  t r a d i t i o n a l  swi tch ing  
arrangement (1 c i r c u i t  b r eake r ,  double busbar).  
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Three 400 kV - 1300 mm submarine c a b l e  c i r c u i t s  
a r e  included f o r  t h e  c r o s s i n g  t o  Skye. This  
arrangement was suggested by t h e  WESC 
Consul tan ts .  F u l l  power can be t r ansmi t t ed  w i th  
one c i r c u i t  ou t .  
It i s  be l ieved  t h a t  XLPE cab le s  w i l l  be 
s u f f i c i e n t l y  developed by t h e  end of t h i s  decade 
and propose t h e i r  use.  The much lower charging 
c u r r e n t  of t h i s  type of cab l e  makes t he  
t ransmiss ion  over  l a r g e r  d i s t a n c e s  p o s s i b l e  and 
reduces t h e  amount of s h o r t  reac tance  
compensation t h a t  i s  necessary  t o  keep t h e  
v o l t a g e  p r o f i l e  w i th in  reasonable  l i m i t s .  
Three 100 MVAr shun t  r e a c t o r s  a t  t h e  main 
t r a n s f o r m i n g  s t a t i o n  and one 50 MVAr shun t  
r e a c t o r  a t  each  s t a t i o n  on t h e  west  c o a s t  of 
S . U i  s t y  have been i n c l u d e d  t o  a d e q u a t e l y  
compensate f o r  t h e  c h a r g i n g  c u r r e n t .  
2.8.4 C o n t r o l  and Moni tor ing of E l e c t r i c a l  Transmiss ion  
No a t t e m p t  h a s  been made t o  c a r r y  o u t  a  s t u d y  of 
t h e  d e t a i l e d  requ i rements  f o r  remotely  
c o n t r o l l i n g  and moni to r ing  t h e  t r a n s m i s s i o n  
equipment. The t e c h n o l o g i c a l  advances i n  
e l e c t r o n i c s  a r e  r a p i d l y  i n c r e a s i n g  f a c i l i t i e s  and 
r e d u c i n g  c o s t s .  It i s  n o t  b e l i e v e  t h a t  i t  i s  
p r o d u c t i v e  t o  s t u d y  a  c o n t r o l  scheme now, f o r  
a d o p t i o n  i n  5  t o  10 y e a r s  t ime. 
To p r o v i d e  t h e  n e c e s s a r y  c o n t r o l  and moni to r ing  
f a c i l i t i e s  f o r  t h e  e l e c t r i c a l  g e n e r a t i o n  and 
t r a n s m i s s i o n  s w i  t chgear  , we have i n c l u d e d  i n  t h e  
c o s t s  of t h e  g e n e r a t o r s  E3m; f o r  d u p l i c a t e d  
c a b l i n g  £5m, and f o r  a  c o n t r o l  c e n t r e  E4m. It i s  
b e l i e v e d  t h a t  t h i s  t o t a l  amount, E12m, i s  
adequa te  t o  p r o v i d e  f u l l  and r e l i a b l e  f a c i l i t i e s .  
Genera l  Comments 
The scheme env isaged  and c o s t e d  i s  based upon t h e  
u s e  of p r e s e n t l y  a v a i l a b l e  equipment and r a t i n g s  
w i t h  t h e  e x c e p t i o n  of t h e  submarine c a b l i n g  which 
h i s t o r i c a l l y  i s  always i n  some r e s p e c t s  new i n  
des ign .  
Experience and nominal c a l c u l a t i o n s  confirm t h e  
e l e c t r i c a l  arrangement i s  workable and would a t  
t h e  worst  r e q u i r e  on ly  minor changes f o r  i t  t o  be 
appl ied .  
We f o r e s e e  t h a t  t h e  c o n t i n u a l  f l e x i n g  of t h e  132 
kV cab le s  between t h e  s p i n e  and t h e  s e a  bed w i l l  
provoke a  major c r i t i c i s m .  The des ign  of t h e  
c a b l e  t o  wi ths tand  f l e x i n g  must be based e i t h e r  
upon t h e  m a t e r i a l s  being s u f f i c i e n t l y  f l e x i b l e  o r  
by mechanical ly  r e s t r i c t i n g  t h e  f l e x i n g  t o  a  s a f e  
l e v e l .  The m a t e r i a l  s t r e s s e s  due t o  f l e x i n g  a r e  
p ropor t i ona l  t o  t h e  d e f l e c t i o n  and a  way of 
r e s t r i c t i n g  t h i s  i s  enc los ing  t h e  cab l e  i n  a  
t h i c k  wal led,  metal  r e in fo rced  rubber  o r  p l a s t i c  
t ube ,  t h e  bending r a d i u s  of which i s  s u f f i c i e n t l y  
l a r g e .  Such tubes  a r e  now made and cons ide ra t i on  
s h a l l  be g iven  t o  ex tending  t h e i r  c h a r a c t e r i s t c s  
t o  meet t h e  requirements of t h e  use  of normal 
c o n s t r u c t i o n  cab l e s ,  o r  cab les  only s l i g h t l y  
d i f f e r e n t  t o  normal, between t h e  s p i n e  and t h e  
s e a  bed. 
F igs  5 and 6 of Drawing No. 10072 show t h e  
arrangement of t h e  bushings i n  a  b a r r i e r  i n  a  
t y p i c a l  33 kV bushing. F ig  7  of Drawing No. 
10072 i s  included t o  i n d i c a t e  t h e  gene ra to r  
i n s t rumen ta t i on  and c o n t r o l  envisaged. 
The o v e r a l l  cos t  of t h e  1981 arrangement,  which 
d e l i v e r s  2000 MW t o  Skye, i s  l e s s  than t h e  
equ iva l en t  1979 arrangement. The f u r t h e r  per iod 
of s tudy  has  reduced t h e  c o s t  by more than  
i n f l a t i o n  i n  t h e  i n t e r v e n i n g  per iods .  
S E C T I O N  3 
S T A T E  O F  D E V E L O P M E N T  
STATE OF DEVELOPMENT 
3 .1  S t r u c t u r e s  
3 . 1 . 1  Spine Design Ph i losophy  
The s p i n e  i s  t h e  main s t r u c t u r a l  member, 
r e s i s t i n g  d e f l e c t i o n  by wave a c t i o n  i n  s m a l l  t o  
medium s e a s  i n  o r d e r  t o  a c h i e v e  e f f i c i e n t  energy 
a b s o r p t i o n  by t h e  ducks. I n  l a r g e  s e a s ,  
e f f i c i e n c y  can be s a c r i f i c e d  i n  t h e  i n t e r e s t s  of 
s u r v i v a l  of t h e  s p i n e ;  t h e  u s e  of moment- 
c o n t r o l l e d  j o i n t s  e n s u r e s  t h e  l i m i t a t i o n  of t h e  
bending moments t o  such v a l u e s  a s  may be r e s i s t e d  
by a s p i n e  t h e  s i z e  of which h a s  been s e l e c t e d  
f o r  o t h e r  r e a s o n s ,  t y p i c a l l y  t h e  r e q u i r e d  duck 
s i z e  f o r  power a b s o r p t i o n ,  and f o r  buoyancy. 
The c r i t i c a l  e lement  i n  t h e  d e s i g n  of t h e  s p i n e  
i s  t h e  need t o  s u r v i v e ,  n o t  e x c e s s i v e l y  l a r g e  
moments, but  t h e  c o n t i n u a l  r e v e r s a l  of moments, 
o r ,  more p r e c i s e l y ,  t h e  c o n t i n u a l  c y c l i n g  of t h e  
bending moment a x i s  around t h e  l o n g i t u d i n a l  s p i n e  
a x i s  a s  t h e  s p i n e  s e c t i o n  o r b i t s  i n  a n  e l l i p t i c a l  
p a t h  i n  t h e  v e r t i c a l  p l a n e ,  due t o  t h e  passage  of 
a  wave. Th is  c y c l i n g  t a k e s  p l a c e  approx imate ly  
6 90 X 1 0  t imes  i n  a  p e r i o d  of 25 y e a r s ,  of which 
o v e r  50% i s  a t  t h e  maximum d e s i g n  moment, i . e .  a t  
t h e  s e l e c t e d  v a l u e  a t  which t h e  s p i n e  j o i n t  w i l l  
y i e l d .  
The c r i t i c a l  l i m i t  s t a t e  i s  t h e r e f o r e  t h e  f a t i g u e  
l i f e .  Too l i t t l e  i s  known about  t h e  f a t i g u e  
behaviour of conc re t e  o r  concre te  members, 
p a r t i c u l a r l y  a t  load r e p e t i t i o n s  i n  excess  of 10 6 
and such information a s  i s  a v a i l a b l e  i s  from 
c y c l i c a l  compression tests on smal l  p l a i n  
conc re t e  c y l i n d e r s  t e s t e d  a t  f a i r l y  h igh  
frequency,  t y p i c a l l y  1 - 6 Hz. It appears  t h a t  
t h e  des ign  r u l e s  of "Det norske Ver i tas"  which 
have been incorpora ted  i n  t h e  Consul tant '  s Draf t  
Design Guide l ines ,  a r e  based on lower bound 
va lues  of f a t i g u e  l i f e  de r ived  from such  t e s t s .  
They a r e ,  of course ,  a l s o  in tended  f o r  s i n g l e  
commercial ly-vi ta l ,  h e a v i l y  populated s t r u c t u r e s ,  
These r u l e s  have been a p p l i e d  i n  t h e  p re sen t  
de s ign  of t h e  s p i n e ,  but t h e  fo l lowing  ma t t e r s  
have been considered a s  being s i g n i f i c a n t : -  
Whether l i n e a r  e x t r a p o l a t i o n  of t he  
S-log N l i n e  g iven  by DnV i n t o  t h e  N = 
8 
10 reg ion  i s  j u s t i f i e d  by t e s t  r e s u l t s .  
Whether t h e  use  of lower bound va lues  f o r  
p l o t t i n g  t h e  S-log N l i n e  and i n  
e s t a b l i s h i n g  a  va lue  f o r  t he  Miner 's  
Number w i l l  g i v e  a n  a p p r o p r i a t e  f a t i g u e  
l i f e  f o r  t h e  wave energy i n s t a l l a t i o n  a s  
a  whole. 
Whether t h e  concept of a  c h a r a c t e r i s t i c  
f a t i g u e  l i f e ,  namely one which only a  
sma l l  p ropor t i on  of s p i n e  u n i t s  w i l l  f a i l  
t o  meet, i s  a p p r o p r i a t e  t o  a n  unmanned 
i n s t a l l a t i o n  comprising i n  excess  of 400 
u n i t s  ( i n  each of perhaps severa1"power 
s t a t i o n s " ) .  
I f  t h e  c h a r a c t e r i s t i c  f a t i g u e  l i f e  has  
been p i t c h e d  a t  t h e  l e v e l  of t h e  95% 
c o n f i d e n c e  l i m i t ,  t h i s  would imply abou t  
20 u n i t s  f a i l i n g  o v e r  a  p e r i o d  of 2 5  
y e a r s ,  which i s  a  h i g h  d e g r e e  of 
r e l i a b i l i t y  i n  which i s  e s s e n t i a l l y  a 
mechanical  component of t h e  power 
s t a t i o n .  
( i v )  It h a s  seemed d e s i r a b l e  t o  c o n s i d e r  t h e  
p o s s i b i l i t y  of c a r r y i n g  o u t  a  Leve l  I1 
P r o b a b i l i s t i c  Design ( r e f  : CEB-FIP Model 
Code), namely t o  e s t a b l i s h  t h e  f a i l u r e  
r a t e  of s p i n e  u n i t s  which would be 
commercia l ly  a c c e p t a b l e  and from t h e  
s t a t i s t i c a l  s p r e a d  of l o a d  and m a t e r i a l  
c h a r a c t e r i s t i c s  t o  de te rmine  t h e  
n e c e s s a r y  mean f a t i g u e  l i f e  f o r  des ign .  
L imi ted  t i m e  and fund ing  h a s  made i t  i m p o s s i b l e  
t o  f o l l o w  th rough ,  f u l l y ,  t h e  consequences of 
t h e s e  c o n s i d e r a t i o n s .  However, as w e l l  a s  
checking t h e  r e f e r e n c e  d e s i g n s ,  i n  accordance  
w i t h  t h e  C o n s u l t a n t s  Design G u i d e l i n e s ,  t h e  mean 
f a t i g u e  l i f e  of t h e s e  d e s i g n s  h a s  been e s t i m a t e d ,  
i . e .  t h e  expec ted  l i f e  w i t h  a 50% f a i l u r e  r a t e .  
To do t h i s ,  t h e  mean v a l u e s  of t h e  v a r i o u s  
c h a r a c t e r i s t i c s  have been p r o j e c t e d  from t h e  
e x p e r i m e n t a l  r e s u l t s  which a r e  a v a i l a b l e .  (See  
Appendix. ) 
The r e s u l t i n g  l i v e s  a r e  a s  fol lows:-  
L i f e  i n  accordance w i th  r u l e s :  
= approx. 30 y e a r s  
Mean l i f e  (50% f a i l u r e  r a t e ) :  
= approx. 72,000 yea r s  
Without r e f e r ence  t o  commercial cons ide ra t i ons  i t  
would, f u r t h e r ,  be p o s s i b l e  t o  p r o j e c t  t h e  
accep tab l e  c h a r a c t e r i s t i c  l i f e  ( s a y ,  w i th  a 5% 
f a i l u r e  r a t e ) ,  w i th  assumptions being made about 
t h e  s tandard  dev ia t i ons  of t h e  va r ious  des ign  
parameters ,  where they a r e  not  a c t u a l l y  
a v a i l a b l e .  The a n a l y s i s  i s ,  however, t o o  t ime 
consuming f o r  t h e  p re sen t ,  and i t  i s  considered 
t h a t  a comparison between t h e  outcome of t h e  
Design Guide l ines  and t h e  mean l i f e  w i l l  be 
s u f f i c i e n t  a t  t h i s  s t a g e  t o  show t h a t  Level I1 
P r o b a b i l i s t i c  Design methods need t o  be f u r t h e r  
examined. 
I t  is  considered t h a t  a t  a l a t e r  s t a g e  i n  
development i t  w i l l  be necessary  t o  c a r r y  ou t  a 
f i n i t e  element a n a l y s i s  of t h e  sp ine  t o  t ake  
account  of a l l  combinations of f o r c e s  upon the  
s p i n e ,  a s  w e l l  a s  secondary e f f e c t s  such a s  l o c a l  
bending moments near  bulkheads and s o  f o r t h .  For 
t h e  p re sen t ,  s u f f i c i e n t  s imple  checks have been 
made of t h e  major e f f e c t s .  
3.1.2 DuckDes ignPh i lo sophy  
The duck i s  r equ i r ed  t o  c a r r y  t h e  power take-off 
machinery i n  i t s  s ea l ed  Itpod", and t o  convert  
wave a c t i o n  i n t o  r o t a t i o n a l  o s c i l l a t i o n s  of t h e  
duck, cen t r ed  on t h e  sp ine .  
The wave f o r c e s  on t h e  o u t e r  envelope a r e  
t r a n s m i t t e d  i n t o  t h e  b e a r i n g s  of t h e  gyroscope 
i 
f l y w h e e l s  u n t i l  t h e  t o r q u e  l i m i t  imposed by 
i r 
; e l e c t r i c a l  c o n s i d e r a t i o n s  i s  reached;  above t h i s  
l i m i t ,  wave f o r c e s  a r e  t r a n s m i t t e d  t o  t h e  s e a  t o  
l eeward ,  v e r y  l i t t l e  load  be ing  t r a n s m i t t e d  
th rough  t h e  d u c k l s p i n e  bear ing .  
The duck body, of c e l l u l a r  form w i t h  curved 
i n t e r s t i t i a l  walls, i s  w e l l  a b l e  t o  d e a l  w i t h  t h e  
g e n e r a l l y  d i s t r i b u t e d  f o r c e s  of low i n t e n s i t y ,  
and t h e  l o c a l l y  imposed p o i n t  o r  l i n e  l o a d s  from 
t h e  power pod w i l l  be l o c a t e d  a t  w a l l  
i n t e r s e c t i o n s  where t h e y  can  be q u i c k l y  
d i s p e r s e d .  The main s t r u c t u r a l  d e s i g n  
c o n s i d e r a t i o n  i s  a  requirement  f o r  t h e  duck body 
t o  s u r v i v e  submergence t o  30 met re  d e p t h  i n  a n  
extreme wave and t h e  i n t e r s i t i t i a l  w a l l s  a r e  
d e s i g n e d  t o  r e s i s t  t h e  d i f f e r e n t i a l  p r e s s u r e  as 
r e i n f o r c e d  c o n c r e t e  s e c t i o n s .  
Racking of t h e  whole duck body w i l l  occur  from 
t h e  p o s s i b l e  o b l i q u i t y  of wavef ron t s  a c t i n g  on 
t h e  36 met res  wide duck; t h e  t o r s i o n a l  moment 
caused i s  n o t  a c c u r a t e l y  known bu t  i t  i s  v e r y  
l i k e l y  t h a t  t h e  d e g r e e  of l o n g i t u d i n a l  p r e s t r e s s  
which i s  d e s i r a b l e  f o r  o t h e r  r e a s o n s  w i l l  be 
s u f f i c i e n t  t o  p r e v e n t  e x c e s s i v e  p r i n c i p a l  t e n s i l e  
S t r e s s e s  a r i s i n g .  
3.1.3 Tank Tes t ing  
The techniques and r e s u l t s  of t ank  t e s t i n g ,  
i nc lud ing  t h e  co- re la t ion  of narrow and wide 
tanks  w i l l  be t h e  s u b j e c t  of s e p a r a t e  r e p o r t s  
i s sued  by Edinburgh Un ive r s i t y  from time t o  t i m e .  
It should be noted,  however, t h a t  p r o d u c t i v i t y  i s  
based on t h e  t e s t i n g  of 1/140th s c a l e  models i n  
s e a  s t a t e s  comprising 399 s p e c t r a  f o r  t h e  42m 
s i t e  and syn thes i s ed  by John Crabb of I.O.S. 
co r r ec t ed  f o r  a s i t e  i n  100 m depth  ( s e e  s e c t i o n  
7.1.2).  Extreme s e a s  have been generated t o  
s imu la t e  t h e  100 yea r  wave and s u r v i v a l  a g a i n s t  
such a s e a  s t a t e  r epea t ed ly  e s t a b l i s h e d .  
3.1.4 Narrow Tank t o  Wide Tank Comparison 
Appended he re to .  
EDINBURGH WAVE POWER PROJECT REPORT NO. 79 December 1981 
NARROW TANK TO WIRE TANK COMPARISGH 
Objec t ives  
We wanted t o  check t h a t  t h e  wide tank duck models worked p rope r ly  and 
t h a t  t h e r e  were no unexpected r e s u l t s  from adding an e x t r a  dimension. 
We wanted t o  check d i r e c t i o n a l  c h a r a c t e r i s t i c s .  
The models 
Narrow tank models have moved ahead of the  design which was s e l e c t e d  f o r  
mass product ion f o r  t h e  wide tank.  This  meant we had no c u r r e n t  r e s u l t s  f o r  
comparison purposes.  We went back t o  D0022, which was a v a r i a b l e  width design 
used t o  measure gap s e n s i t i v i t y .  W e  added end-plates  t o  produce t h e  same 
propor t ion  of  gap t o  duck a s  t he  wide tank equiva len t .  (This  was .311 t o  1.) 
The shape and p ropor t ions  were i d e n t i c a l  but t he  back diameter 'was only  100mm. 
W e  mounted t h i s  model on a fixed a x i s  i n  t he  narrow tank and measured 
i ts  e f f i c i e n c y  a s  a func t ion  o f  frequency. The wave amplitude was h e l d  
cons t an t  a t  .54cm. E f f i c i e n c y  was c a l c u l a t e d  on t h e  b a s i s  o f  t h e  power o u t  
d iv ided  by t h e  power i n  the whole width o f  t h e  tank.  The r e s u l t s  a r e  p l o t t e d  
i n  t he  s o l i d  b lack  curve i n  Fig.  1. 
(Note t h a t  t h i s  model does n o t  have t h e  s o f t  co rne r s  and bulbous f r o n t  of  
t he  l a t e r  des igns .  I t  does n o t  e x p l o i t  t h e  compliant mounting e f f e c t s  which 
he lp  i n  long waves. Its performance i s  t h e r e f o r e  considerably below t h a t  
used f o r  1981 output  p r e d i c t i o n s .  ) 
For the  wide tank r e p l i c a t i o n  w e  used s i x  ducks with 1 3 0 m  back diameter.  
Their width was 305mm and they were p i tched a t  i n t e r v a l s  of 423~x1. Their 
angular v e l o c i t i e s  were measured by a tacho generator  on the  end of a b e l t  
driven brush motor which supplied power take-off torque. This s i g n a l  could 
be corroborated by the  output  from an i n t e g r a l  f r inge  counting s h a f t  encoder 
and i s  therefore  very accura te ly  known. 
The torque c a l i b r a t i o n  i s  less s a t i s f a c t o r y  because the  duck has seven 
water immersed b a l l  bear ings  f o r  i t s  locat ion  t o  the  spine p l u s  two more f o r  
b e l t  pul leys .  
Af te r  torque measurements i n  the water (which cancelled spine  weight) 
and o u t  of  the water i n  v e r t i c a l  and hor izonta l  a t t i t u d e s  we s e t t l e d  f o r  
v e r t i c a l  a x i s  c a l i b r a t i o n s  i n  a i r  w i t h  a  s p e c i a l l y  se lec ted  t h r u s t  race 
taking the  v e r t i c a l  weight of t h e  sp ine  sec t ion .  This method does no t  
produce t h e  losses  i n  r a d i a l  bearings caused by wave-loading and is there-  
fore  conservative. 
Torque was c a l i b r a t e d  by holding the  duck body s t a t i o n a r y  and d r iv ing  
the  spine  ins ide  it through a s t r a i n  gauge torque c e l l  and f r i c t i o n l e s s  
universa l  jo in t s .  Ca l ib ra t ions  were repeated f o r  seve ra l  angles. Fig. 2 
s h w s  t h e  amount of l o s t  torque a s  a  function of ve loc i ty  f o r  a group of 
ducks. The small amount of s c a t t e r  allows a correc ted  torque s i g n a l  t o  be 
computed from the  known ve loc i ty .  
The e l e c t r o n i c a l l y  con t ro l l ed  hinges of the  spine sec t ions  were locked 
r i g i d l y  and the  group of  s i x  were mounted on a r i g i d  submerged frame. The 
hub depth was adjus ted  t o  the  value corresponding t o  t h a t  of the  narrow tank. 
Wave measurement 
A group of 10 conduct iv i ty  compensated gauges were placed i n  a  l i n e  along 
the  d i r e c t i o n  of wave propagation a t  the  pos i t ion  of  each duck i n  turn .  
Measurements were made i n  the  absence of  the  model, and the- an average taken 
a l l  readings. 
Results  
Wide tank r e s u l t s  with correc ted  torque readings a r e  superimposed on the 
narrow tank curve i n  Fig. 1. (Two period sca les  a r e  necessary because of  the  
s i z e  increase.)  The adjustment maintains the same r a t i o  of duck diameter t o  
deep water wavelength. Eff ic iency is calcula ted  from the  mean output  of a l l  
s i x  ducks divided by the power i n  the  t o t a l  sea f r o n t  occupied. 
Pig. 3 shows the e f f e c t  of moving the  mounting frame t o  various angles 
to  the o r i g i n a l  wave f ron t .  Also p l o t t e d  a re  the  values t h a t  would be 
0 
predic ted  by a cosine law opera t ing  on the  e f f i c i ency  a t  0 . 
Conclusions 
The cosine r u l e  is a reasonable approxi.mation b u t  perhaps conservative 
f o r  l a rge  angles. 
Narrow tank regular  wave f ixed  a x i s  r e s u l t s  can be t r ans fe r red  t o  the 




3.1.5 E x t e n t  of Design and O p t i m i s a t i o n  
The p r i n c i p a l  o p t i m i s a t i o n  e x e r c i s e  which has  
been c a r r i e d  ou t  is on t h e  cho ice  of s p i n e  
d iamete r .  The 1979 r e f e r e n c e  d e s i g n  employed a 
1 0  m nominal d iamete r  s p i n e  which had imposed 
u n d e s i r a b l e  buoyancy l i m i t a t i o n s  on t h e  duck 
body, and a  low f a t i g u e  l i f e  on t h e  s p i n e .  
O p t i m i s a t i o n  of t h e  energy  c o n v e r s i o n  system has  
sugges ted  a n  i n c r e a s e  i n  d i a m e t e r  and t h i s  has  
been fol lowed th rough  i n  t h e  s t r u c t u r a l  d e s i g n ,  
two s i z e s  of 12.5 m and 15.0 m d i a m e t e r  being 
examined. Of t h e s e  t h e  12.5 m d i a m e t e r  is s t i l l  
somewhat t o o  s m a l l  f o r  adequa te  f a t i g u e  l i f e ;  
t h e  15.0 m d iamete r  i s  s a t i s f a c t o r y  from t h e  
p o i n t  of view of f a t i g u e ,  b u t  t h e  economical  
s p i n e  w a l l  t h i c k n e s s  became r a t h e r  s l e n d e r ,  when 
r e l a t e d  t o  a  c o n s t a n t  weight  p e r  met re  run ,  t o  be 
a c c e p t a b l e  from c o n s i d e r a t i o n s  of temporary 
c o n s t r u c t i o n  c o n d i t i o n s  and a l s o  r i n g  bending due 
t o  h y d r o s t a t i c  p r e s s u r e .  
The d i a m e t e r  of 14 met res  s e l e c t e d  t o  s u i t  r e c e n t  
power o p t i m i s a t i o n  a p p e a r s  a l s o  t o  s u i t  
s t r u c t u r a l  r e q u i r e m e n t s ,  and l i e s  between t h e  two 
ex t remes  of s i z e  examined. 
The main requirement  of f l o t a t i o n ,  o v e r a l l  
s t r e n g t h  and f a t i g u e  l i f e  have c l e a r l y  been met,  
a l t h o u g h  many f u r t h e r  checks  on e v e r y  p o s s i b l e  
e lement  would be d e s i r a b l e .  
3 . 2  Mechanical D e t a i l s  
3 . 2 . 1  Spine/Duck Bearings 
A l t e r n a t i v e s  a r e  under cons ide ra t i on .  The s t a t e  
of development on r o l l e r s  and cha ins  needs no 
comment here .  On magnetic bea r ings ,  however, 
t h i n g s  a r e  no t  s o  p o s i t i v e .  A t  paragraph 4.4 i s  
a  paper on t h e  work c a r r i e d  out  s o  f a r  by t h e  
team a t  Edinburgh Univers i ty ,  Appended i s  a  copy 
of a  l e t t e r  i n d i c a t i n g  t h a t  Mullard,  one of t h e  
b igges t  manufacturers  of ceramic magnets i n  
Europe, b e l i e v e  t h e  proposed des ign  t o  be 
f e a s i b l e .  Fu r the r  development i s  obviously very  
necessary  but we l l  worth whi le  when the  end 
r e s u l t  i s  a  long l i f e ,  maintenance f r e e  bear ing  
f o r  t h i s  a p p l i c a t i o n .  Quotat ions f o r  magnets 
have a l s o  been rece ived  from Stackpole  
Corporat ion of America, i n d i c a t i n g  p r i c e s  of 
about  E500 pe r  ton  ( l e s s  than  h a l f  t h e  f i g u r e s  
quoted by Mullard).  
3 . 2 . 2  Spine J o i n t s  
(Drawing No. 10040) 
The s p i n e  j o i n t  comprises a  Hooke's j o i n t  a t  t h e  
c e n t r e  w i th  8 rams mounted around t h e  per iphery.  
The rams, which ope ra t e  a t  6000 p s i ,  a r e  s tandard  
commercial u n i t s  modified on ly  i n  t h a t  t h e  s e a l s  
and bear ings  a r e  s e l e c t e d  t o  g ive  a  long ,  t r o u b l e  
f r e e  l i f e .  The bear ings  a t  t h e  extremes of t h e  
Hooke's j o i n t  a r e  laminated s t e e l  and rubber  
designed by Andre Rubber Co. s p e c i f i c a l l y  f o r  t h e  
l i f e  and duty t o  be encountered. The s p h e r i c a l  
s e a t i n g s  a t  each end of t h e  ram a r e  a l s o  of 
laminated rubber  and s t e e l  c o n s t r u c t i o n  based on 
des igns  which have been proven over t h e  years .  
No maintenance i s  n e c e s s a r y  a t  t h e s e  p o i n t s .  The 
j o i n t  movements a r e  s o  s m a l l  t h a t  t h e  Hooke's 
j o i n t  b e a r i n g s  make o n l y  t h e  e q u i v a l e n t  of 2000 
r e v s .  p e r  annum, The h y d r a u l i c  c i r c u i t s  f o r  t h e  
s u r g e  d i r e c t i o n  and t h e  heave d i r e c t i o n  a r e  k e p t  
s e p a r a t e ,  each  c i r c u i t  f e e d i n g  i n t o  i t s  own 
s w a s h p l a t e  motor. Both motors  a r e  coupled t o  a 
f u r t h e r  swashp la te  u n i t ,  t h e  o u t p u t  of which i s  
t h e n  f i n a l l y  coupled t o  a  c o n s t a n t  p r e s s u r e  main. 
The motor u n i t s  concerned w i l l  be i d e n t i c a l  t o  
t h o s e  a l r e a d y  used i n  t h e  duck, A f u r t h e r  
s w a s h p l a t e  motor w i l l  be coupled t o  a  s i n g l e  
f l y w h e e l  used a s  a smoothing f o r  a  s e r i e s  of 
ducks ( s e e  Drawing Nos. 10081 and  10037). 
3.3 Mooring 
3.3.1 Design Ph i losophy  
The ph i losophy  behind t h e  d e s i g n  of t h e  moorings 
i s  t o  a c h i e v e  a c o n s t a n t  t e n s i o n  mooring by 
a l l o w i n g  v a r i a t i o n s  i n  f o r c e  t o  be absorbed by 
changing geometry. The s i n k e r  and f l o a t  
c o n f i g u r a t i o n  ( s h o r n  on Drawing No. 10090) 
a c h i e v e s  t h i s  o b j e c t i v e  w h i l s t  r e s t r a i n i n g  t h e  
Spine/Duck assembly t o  r e m a i ~  w i t h i n  
approximate1.y two d i a m e t e r s  of i t s  o r i g i n a l  
n e u t r a l  p o s i t i o n ,  even d u r i n g  t h e  h e a v i e s t  of 
s e a s .  
3 . 3 . 2  TANK TESTING 
FIRST RESULTS FROM SPINE MOORING TRIALS 
(Based on 1 2  m d i a ,  Sp ine)  
Background 
Narrow t a n k  r e s u l t s  i n d i c a t e d  thak t h e  l o n g  t e rm mean 
h o r i z o n t a l  f o r c e  on ducks amounted t o  abou t  25 tonnes  
p e r  duck w i t h  a  s l i g h t  f a l l  a s  wave ampl i tude  
i n c r e a s e s .  A gyro c o n t r o l  method i n t e n d e d  t o  n u r s e  
g y r o  b e a r i n g s  i n  l a r g e  waves can reduce  t h e  v a l u e  t o  
a b o u t  10 t o n n e s  i n  l a r g e  waves. The f i r s t  exper iments  
i n  t h e  wide t a n k  show t h a t  t h e s e  r e s u l t s  can be c a r r i e d  
over .  
The 1979 r e f e r e n c e  mooring scheme was s i m i l a r  t o  t h a t  
shown on Drawing No. 10090. It was des igned  w i t h  t h e  
f o l l o w i n g  a ims i n  mind:- 
To e x p l o i t  t h e  advan tages  of long  c r e s t - s p a n n i n g  
s p i n e s ,  s u c h  as s h a r e d  d u t y ,  power accumula t ion ,  
t h e  avo idance  of s ide - to - s ide  c o l l i . s i o n s  and e x t r a  
damping. 
To pay a s  much a t t e n t i o n  t o  keep ing  rode t e n s i o n  
c o n s t a n t  a s  t o  keep ing  i t  l o w .  
To avo id  t h e  need f o r  s p e c i a l  bottom o r  d e p t h  
requ i rements .  ( I t  tu rnzd  o u t  t h a t  we had t o  
s p e c i f y  r a t h e r  deep w a t e r  b u t  t h e r e  i s  p l e n t y  of 
t h a t . )  
To a c h i e v e  v e r y  long i n s p e c t i o n  i n t e r v a l s  by 
i n s i s t i n g  on mooring v i a b i l i t y  a f t e r  a  l a r g e  
f r a c t i o n  of rode  f a i l u r e s .  
The Model 
Our s p i n e  i s  b u i l t  up  of r i g i d  s e c t i o n s ,  1 2 5 m  d i a m e t e r  h i n g e d  a t  
i n t e r v a l s  o f  400m. Hinge  c h a r a c t e r i s t i c s  c a n  b e  m o d i f i e d  e l c c t r o n -  
i c a l l y  d u r i n g  the e x p e r i m e n t .  F o r  these tests w e  used a hinge s e t  to  
y i e l d  a t  a b e n d i n g  moment a b o u t  e q u a l  t o  t h e  f a i l u r e  p o i n t  of f u l b  
s c a l e  c o n c r e t e .  I t  f l o a t s  w i t h  a f r e e b o a r d  o f  a b o u t  5mm. 
I n  a n  attempt t o  i n d u c e  some o f  t h e  p r e d i c t e d  phenomena we removed 
a l t e r n a t e  moor ings  u s i n g  6 sets f o r  42  s p i n e  s e c t i o n s .  
We u s e d  t h e  same w e i g h t s  and  f l o a t s  f o r e  and  a f t .  Weight  and buoyancy 
were a b o u t  135 grms.  
W e  v a r i e d  the l e n g t h s  o f  the l i n e s  a n d  t h e  s e p a r a t i o n  o f  t h e  a n c h o r  b l o c k s .  
We measured  t h e  t e n s i o n  i n  o n e  o f  the c e n t r a l  f o r w a r d  r o d e s  c l o s e  t o  
t h e  a n c h o r  b l o c k .  
U n l e s s  o t h e r w i s e  s t a t e d , a l l  the seas u s e d  t h e  10 s e c o n d  PM s p e c t r u m  a t  
1/96 scale w i t h  a M i t s u y a s u  s p r e a d .  W e  v a r i e d  t h e  nomina l  PM a m p l i t u d e ,  
I n c r e a s e s  i n  t e n s i o n  are shown p o s i t i v e  upwards.  The  r e s u l t s  a r e  
g i v e n  i n  model  un i ' f s .  To c o n v e r t  t o  f u l l - s c a l e  u n i t s  p e r  duck  you 
s h o u l d  m u l t i p l y  b y  96 cubed  and  d i v i d e  by  8. T h i s  works  o u t  r o u g h l y  
t o  a  m u l t i p l i c a t i o n  b y  l 1  f o r  t o n s  per duck.  To c o n v e r t  Hrms t o  H s i g '  
m u l t i p l y  b y  4 .  
F i g  1 shows t h e  r e c o r d  f o r  H r m s  = .68m Te = 10 sec.  
C o n d i t i o n s  a t  S o u t h  U i s t  w i l l  b e  l i k e  this f o r  the m a j o r i t y  of t h e  
t i m e .  The RMS Va lue  of t h e  d e v i a t i o n  is  0.65% of t h e  mean v a l u e .  
The maximum peak-to-peak v a r i a t i o n  o v e r  a time e q u i v a l e n t  to  s i x t e e n  
m i n u t e s  a t  f u l l  s c a l e  is 3.9% o f  the mean v a l u e .  

F i g  2 shows the  same d a t a  a t  a l a r g e  s c a l e  with the mean l e v e l  
removsd. Ths v a r i a t i o n s  look wave-like and t h e r e  is some evidence 
of a low- frequency component. 

Fig 3 For this we doubled the wave amplitude t o  1.36m at f u l l  scale. 
The peak-to-peak v a r i a t i o n  has increased by 1.93. There is a very 
small (1 .5%)  reduction i n  mean value b u t  
long-term transducer d r i f t s  before we can vouch for i t s  significance.  

F i g  4 For this we t r i e d  t o  induce lowfrequency oscillations by a 
sudden s w i t c h  on of t he  wave making system. 

Fi_g For this we did the same f o r  a further doubling of the wave 
height to 2.72 metres M. This i s  very rough for South U i s t  
and wauld have a power equivalent to 578 kw/m. 

F i g  6 For this we removed t h e  mean l e v e l  and increased the s e n s i t i v i t y  
to the same as t h a t  used in P i g  2 .  For a four-Told increase  i n  wave 
amplitude the peak-to-peak value has increased by 3 . 9 5 .  A small 
low-frequency response is evident. 

Figs 7, 8 & 9 For these we show the spectrum for the three levels 
of wave amplitude. The low-frequency component i s  pre-sent a t  about 
the place expected for a set-down ef fec t .  I t  i s  about the same 















Fig  10 Here we a t t e m p t e d  t o  show the e f f e c t s  o f  damping o f  t h e  model 
i n .  calm w a t e r  by pul!.ing it forward  abou t  t h r e e  d i a m e t e r s  w i t h  a b o a t  
hook,  h o l d i n g  i t  and r e l e a s i n g  it. A g ~ o d  d e a l  o f  dimping is  
p r e s e n t .  
We b e l i e v e  that damping may be i n c r e a s e d  by t h e  p r e s e n c e  o f  waves, 
b u t  have not so f a r  been able t o  show this e x p e r i m e n t a l l y .  
Q (Fe
 
Pig 11 Here we arranged to  generate an extreme freak wave with 
peak-to-peak/RMS ra t io  of 1 2 . 2 5  a t  the middle of the spine during 
the course of a 2 .72  metre W S  sea. This would be equivalent to  an 
amplitude of over 33 metres. The value exceeds the range of our 
gauges and is subject t o  confirmation. 

F i g  1 2  For  t h i s  w e  r e -a r ranged  t h e  mooring w i t h  i t s  anchor  b l o c k s  
c l o s e r  t o g e t h e r  and  a d j u s t e d  t h e  l i n e  l e n g t h s  t o  b r i n g  t h e  f r o n t  
buoys t o  h a l f  t ank  dep th .  The wave a m p l i t u d e  i s  1.36rn, t h e  same as 
f o r  F i g  3 .  
Mean t e n s i o n  i s  reduced b y  a f a c t o r  o f  n e a r l y  5 t o  j u s t  under  8 tonnes  
p e r  g e n e r i c  s p i n e  d e v i c e ,  b u t  peak-to-peak v a r i a t i o n s  have i n c r e a s e d  
by  2 2 % .  C l c a r l y  Uiere i s  a good d e a l  of freedom t o  t r a d e  one 







Fig 13 shows the spectrum for the slacker configuration. The lower 
frequency components are more prominent and the region'between 
points 100 and 150 is emptier than the corresponding region in fig 8. 
This canes as no surprise. 

Conclus ions  
p-- 
1. While we s t i l l  need t o  do a good d e a l  o f  t e s t i n g  w i t h  g e n e r i c  
energy-absorb ing  d e v i c e s  mounted on the s p i n e  i t  is c l e a r  t h a t  
o u r  o r i g i n a l  opt imism a b o u t  v e r y  l o n g  compl ian t  s p i n e s  was n o t  
wrong. 
2. The 8 t o n n e s  per duck v a l u e  i s  j u s t  a p a r t y  t r i c k  and w e  i n t e n d  
t o  s t i c k  t o  25 t o n n e s  p e r  duck f o r  t h e  t ime  be ing .  
3 .  C o n s i d e r a b l e  r e d u c t i o n s  i n  damping a t  l a r g e r  s c a l e s  can b e  
t o l e r a t e d .  
4. I n f o r m a t i o n  a b o u t  t h e  r e l a t i v e  m e r i t s  of  low mooring f o r c e s  
amd c o n s t a n t  mooring f o r c e s  would be h e l p f u l  f o r  f u r t h e r  work. 
S. H. S a l t e r  
A p r i l  1981 
3.3.3 Extent  of Design 
The des ign  i s  complete except  f o r  d e t a i l e d  
cons ide ra t i ons  of f l o a t s  and s i n k e r s .  
3.4 Primarv Power Absorber 
3.4.1 Concept and D e t a i l s  
The aim of t h e  primary power absorber  i s  t o  
ach ieve  synchronous e l e c t r i c i t y  output  from t h e  
wave i n p u t  w i th  a  maximum of e f f i c i e n c y  up t o  t h e  
r a t e d  power. Accelerometers i n  t h e  p re s su re  
v e s s e l  w i l l  d e t e c t  t h e  s e a  s t a t e  and through 
micro-processors w i l l  s e l e c t  t h e  number of r i n g  
cam pumps r equ i r ed  t o  match t h e  s e a  s t a t e .  The 
output  from t h e  r i n g  cam pumps w i l l  be f e d  t o  
f lywheels  s o  t h a t  excess  power i s  absorbed by t h e  
f lywheels  f o r  t h e  h igh  p a r t  cyc l e  whi le  t h e  
f lywheel  g i v e s  up power dur ing  t h e  low p a r t  of 
t h e  c y c l e ,  t hus  ach iev ing  cons t an t  p r e s su re  and 
f l ow  a t  t h e  swashplate  motor d r i v i n g  t h e  
a l t e r n a t o r .  Synchronous AC i s  produced. The 
speed v a r i a t i o n  f o r  a  10 f t  d iameter  f l y h e e l  i s  
l e s s  than  2 RPM i n  1500. A s u r p l u s  of 11% of 
r i n g  cam pumps ensures  t h a t  any damaged c y l i n d e r  
can immediately be taken  ou t  of s e r v i c e  and kept  
ou t  of s e r v i c e  without  l o s s  of nominal ou tput .  
Hydros t a t i c  bea r ings  a r e  used throught  t h e  e n t i r e  
mechanical system wi th  t h e  s o l e  except ion  of t h e  
r o l l e r  cam fo l lower s  on t h e  r i n g  cams. This  w i l l  
en su re  a  long,  maintenance f r e e  l i f e ;  25 y e a r s  i s  
t h e  ob j ec t ive .  We understand from EASAMS t h a t  a  
5 yea r  refurbishment  per iod  l e a d s  t o  accep tab l e  
economics. Maintenance c o s t s  a r e  based on t h i s  
assumption. 
An e s s e n t i a l  p a r t  of t h e  concept i s  t o  p l ace  a l l  
mechanical i t ems  of t h e  main power cha in  i n t o  a  
c a n i s t e r  i n  a  low p res su re  i n e r t  gas s o  t h a t  a l l  
t h e  equipment i s  running under i d e a l  condi t ions  
and has no e f f e c t s  whatsoever from t h e  ocean 
environment. 
3.4.2 Tes t ing  
Each c a n i s t e r  w i l l  be b u i l t  and f u l l y  t e s t e d  
under c o n t r o l l e d  environmental cond i t i ons  i n  a  
shore  based es tab l i shment .  It w i l l  then  be 
dep res su r i s ed ,  f lushed  and recharged wi th  vacuum 
s t r i p p e d  o i l  and f l o a t e d  t o  t h e  duck cons t ruc t ion  
s i t e .  
3 .5  Secondary Mechanical Conversion (Spine F l e x i b l e  J o i n t )  
3.5.1 Design Philosophy 
The philosophy behind t h e  des ign  of t h e  sp ine  
j o i n t  i s  t o  ensure  a  long,  maintenance f r e e  l i f e ,  
t oge the r  wi th  a  method of achiev ing  a  j o i n t  
s t i f f n e s s  without  i n c u r r i n g  heavy energy lo s ses .  
The j o i n t  moment comes from the  output  pressure  
of t he  rams, and f o r  a  l a r g e  p a r t  of t h e  time t h e  
rams a r e  being moved by t h e  s e a  t o  l i m i t  t h i s  
moment. This  hydrau l i c  p re s su re  i s  used v i a  
swashplate  motors t o  gene ra t e  e l e c t r i c i t y .  
The system is s e p a r a t e  from t h e  primary power 
conversion and s i n c e  t h e  heave moment r equ i r ed  i s  
only  h a l f  t h e  surge  moment, more power i s  
a v a i l a b l e  from t h e  heave system than from t h e  
surge .  
A number of ducks a r e  coupled t o  a  cons t an t  
p r e s s u r e  main and t h a t  p r e s s u r e  i s  u l t i m a t e l y  
used t o  d r i v e  a  h y d r a u l i c  motor which i n  t u r n  
d r i v e s  an  a l t e r n a t o r  of a s i m i l a r  type  t o  t h a t  i n  
t h e  duck power c a n i s t e r .  A f lywheel  is  a g a i n  
used t o  smooth ou t  any v a r i a t i o n s  i n  t h e  supply  
of o i l  p r e s su re ,  
3.6 I n s t a l l a t i o n  
It i s  common p r a c t i c e  i n  t h e  North Sea t o  tow out  and 
p o s i t i o n  l a r g e  s t r u c t u r e s  w i th  a  h igh  degree  of accuracy. 
Examples of t h e s e  procedures  can be seen  i n  t h e  number of 
l oad ing  systems t h a t  have been i n s t a l l e d  i n  t h e  s h o r t ,  
bu t  p roduct ive ,  l i f e  of t h e  North Sea. 
The procedure o u t l i n e d  i n  t h i s  r e p o r t  i s  cons idered  t o  be 
t h e  most p r a c t i c a b l e  t h a t  could be adopted. It must be 
emphasised, however, t h a t  i n  o rde r  t o  e s t a b l i s h  t h e  
optimum s o l u t i o n  f o r  t he  tow out  and i n s t a l l a t i o n  of t h e  
moorings,  a  programme of model l ing should be c a r r i e d  ou t .  
Because of t h e  s i m i l a r i t y  of mooring a s t r i n g  of ducks t o  
t h e  i n s t a l l a t i o n  of moorings f o r  an  S.B.M, l oad ing  system 
i t  i s  considered t h a t  t h e  mooring of t h e  s t r i n g  of ducks 
would be w e l l  w i th in  t h e  c a p a b i l i t i e s  of North Sea 
i n s t a l l a t i o n  procedures.  
S E C T I O N  4 
E N G I N E E R I N G  A P P R A I S A L  
4 .  ENGINEERING APPRAISAL 
4.1 S t r u c t u r e  - General  
The s t r u c t u r e  of both duck and s p i n e  a r e  proposed i n  
r e in fo rced  conc re t e  w i t h  l o n g i t u d i n a l  p r e s t r e s s ,  and 
p o s s i b l y  some t r a n s v e r s e  p r e s t r e s s .  I n  a d d i t i o n  t o  
provid ing  f o r  t h e  main s t r u c t u r a l  s t r e s s e s ,  t h e  p r e s t r e s s  
i s  seen  a s  a  means of p revent ing  t h e  inc idence  of 
c rack ing  wi th  i t s  a t t e n d a n t  c o r r o s i o n  r i s k s ,  and,  by 
e l i m i n a t i n g  cyc l ing  i n t o  t h e  t e n s i l e  stress zone, t o  
reduce t h e  e f f e c t s  of f a t i g u e  i n  conc re t e  and 
reinforcement .  
4.2 S t r u c t u r e  - Design Condi t ions  
For  t h e  Spine ,  t h e  main des ign  cond i t i ons  t o  meet a r e  t h e  
f o r c e s  a p p l i e d  a t  t h e  moment c o n t r o l l e d  j o i n t .  These 
a r e :  
( i )  The c o n t r o l l e d  moment of 20,000 tonne-metres on 
t h e  surge  and heave axes ( r e s u l t i n g  i n  28,280 
t . m .  a t  45'). 
( i i )  D i r e c t  a x i a l  t ens ion  o r  compression of 1000 
tonnes due t o  chord sho r t en ing  e f f e c t  of wave 
a c t i o n  on t h e  continuous sp ine .  
( i i i )  630 Tonnes shea r  due t o  maximum moment r e v e r s a l  
between ad j acen t  j o i n t s .  
( i v )  20,000 S in  10' tonne-metres t o r s i o n  due t o  a  
t o t a l  j o i n t  d e f l e c t i o n  of 10' under  f u l l  moment 
0 
( i . e .  a 5 p r e s e t  h o r i z o n t a l  zig-zag ang le  p l u s  a 
0 
5  maximum y i e l d - d e f l e c t i o n  ang le ) .  
( v i )  Wave a c t i o n  on t h e  s p i n e  i t s e l f  i s  cons idered  t o  
cause a  maximum r i s e  i n  bending moment a t  mid 
l e n g t h  of about  5000 tonne-metres. 
I n  t h e  t r a n s v e r s e  d i r e c t i o n ,  h y d r o s t a t i c  f o r c e s  w i l l  
cause r i n g  bending and compression i n  t h e  c y l i n d r i c a l  
s h e l l  which w i l l  be p a r t l y  r e l i e v e d  by t h e  bulkheads. 
Such f o r c e s  may cause s i g n i f i c a n t  e f f e c t s  i n  t h e  
temporary u n b a l l a s t e d  cond i t i on  (du r ing  launching)  and i f  
a c c i d e n t a l  deep submergence of t h e  s p i n e  occurs  i n  
s e r v i c e .  
The main c o n s i d e r a t i o n  i n  t h e  d e s i g n  of t h e  s p i n e ,  once 
t h e  s t r e n g t h  requirements  f o r  t h e  f o r c e s  above have been 
met, and adequate  buoyancy has  been ensured,  i s  a  
s a t i s f a c t o r y  f a t i g u e  l i f e .  This  i s  d i scus sed  below. 
For t h e  Duck, t h e  o v e r r i d i n g  c o n d i t i o n  t o  meet i s  t h e  
necessary  buoyancy i n  amount and l o c a t i o n .  Ex te rna l  
f o r c e s  app l i ed  a r e  t h e  h y d r o s t a t i c  and wave slamming 
f o r c e s  and i n  p a r t i c u l a r ,  t h e  bear ing  f o r c e s  a p p l i e d  by 
t h e  power t a k e o f f .  The l a t t e r  a r e  determined by t h e  
r e s i s t a n c e  to rque  ( t o rque  l i m i t )  of t h e  gyroscope, and 
a r e  c o n t r o l l e d  through t h e  power take-off a t  2250 tonne- 
6 
metres  (22.5 X 10 Nm). 
4 . 3  S t r u c t u r e  - Fa t igue  
For t h e  s p i n e ,  and t o  a  l e s s e r  e x t e n t  f o r  t h e  duck body, 
t h e  necessary  f a t i g u e  l i f e  t o  wi ths tand  t h e  r e q u i s i t e  
number of load  r e v e r s a l s  determines s e c t i o n  s i z e s ,  amount 
of p r e s t r e s s  and s o  f o r t h .  These s i z e s  and amounts g ive  
a  s t a t i c  u l t i m a t e  s t r e n g t h  f a r  i n  excess  of t h e  s t a t i c  
l oad  m u l t i p l i e d  by t h e  recommended load  f a c t o r s .  
It has been necessary  t h e r e f o r e  t o  o b t a i n  t h e  number of 
r e v e r s a l s  of t h e  f o r c e s ,  and i n  p a r t i c u l a r  of t h e  bending 
moment, i n  t h e  planned l i f e  of 25 years .  From t h e  399 
wave s p e c t r a  provided f o r  a wate,r dep th  of 42 m, modified 
s p e c t r a  f o r  a 100 m water  depth have been de r ived  by the  
Edinburgh team, y i e l d i n g  a his togram of RMS wave-height 
occurrences.  T e s t s  on a s p i n e  i n  t h e  wide wave tank  a t  
Edinburgh g ive  t h e  RMS bending moment i n  su rge  and heave 
d i r e c t i o n s  on t h e  c e n t r a l  p o r t i o n s  of a continuous 
r i g i d l y - j o i n t e d  s p i n e  a g a i n s t  RMS wave he igh t .  
A c o r r e c t i o n  i s  necessary  t o  t h e  his togram of bending 
moment occurrences t o  t ake  account of t h e  y i e l d i n g  of 
j o i n t s  a t  20,000 tonne-metres i n  su rge  o r  heave, This  
c o r r e c t i o n  i s  based on a n  e s t i m a t e  made by t h e  Edinburgh 
team of t h e  percentage of exceedances of t h e  y i e l d  moment 
f o r  every  va lue  of "non-yielding spine" bending moment. 
For s p i n e s  near  t h e  ends of a s t r i n g ,  t h e  number of 
moment occurrences i n  excess  of 20,000 tonne-metres w i l l  
be  h ighe r  but  c u r r e n t  experimental  work has not  y e t  given 
t h e  f i n a l  value. 
Owing t o  t he  arrangement of moment-controlling hydrau l i c  
rams, t h e  g r e a t e s t  bending moment occurs  about  an  a x i s  
i n c l i n e d  a t  45' t o  t h e  h o r i z o n t a l  and t h e r e f o r e  bending 
moment occurrences were obta ined  f o r  t h i s  d i r e c t i o n  a l s o  
f rorn t h e  heave and surge  moments, Consequently it was 
p o s s i b l e  t o  p l o t  a his togram of extreme f i b r e  s t r e s s e s ,  
from which, by use  of an  S - N curve and by a p p l i c a t i o n  
of Miners Rule,  t h e  f a t i g u e  l i f e  has  been checked. (See 
Appendix.) 
For s p i n e s  nea r  t h e  ends of a s t r i n g  i t  may be s e n s i b l e  
t o  accept  a lower (bu t  s t i l l  commercially v i a b l e )  f a t i g u e  
l i f e  o r  a l t e r n a t i v e l y  t h e  s t r e n g t h  could be increased  
a l though t h i s  would in t roduce  a non-standard element and 
a f f e c t  i n t e r c h a n g e a b i l i t y .  
4.4 SPINE/DUCK B'EARINGS 
TWE MAGNETIC SQUEEZE-FILX DUCK-TO-SPINE BEARING 
DESIGN REQUIREMENTS 
The design of the  duck-to-spine bear ing  must take i n t o  account, and 
wherever poss ib le  tu rn  t o  advantage, the following requirements. 
1. The forces  t ransmit ted  from duck t o  spine w i l l  amount t o  about one ton 
per metre length i n  an unloaded condit ion (due t o  mooring fo rces  and b a l l a s t i n g  
e r r o r s )  and 10 tons pe r  metre a t  t h e  y i e l d  threshold  of the  spine jo in t s .  
  hough seemingly l a rge ,  i f  spread over the e n t i r e  a rea  between duck and spine,  
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these  forces  would r e s u l t  i n  p ressu res  lower than 1000 (0.15 p s i )  and 
10,000Nm-~ (1.5ps.i) respect ive ly .  The design upper l i m i t  of the  bearing is - 2 
ten  times the  y i e l d  value,  i e  100,000Nm . 
2. The gap between duck and spine  w i l l  be f i l l e d  with sea  water,  with the  
bearing opera t ing  under f u l l y  immersed condit ions.  
(This arrangement r e s u l t s  i n  the  sp ine  e s s e n t i a l l y  ' f l o a t i n g '  in s ide  
the  duck - the  buoyant force i t  then experiences i s  equal  t o  the  mass of water 
it displaces ,  mul t ip l ied  by the  l o c a l  instantaneous value of i t s  own acceler-  
a t i o n ,  according t o  Archimedes' p r i n c i p l e .  In  an unloaded condit ion t h i s  
accelera t ion  i s  simply g ,  the  g r a v i t a t i o n a l  constant .  However, any force 
imposed by the duck, and t ransmit ted  v i a  the  water i n  the bearing,  w i l l  r e s u l t  
i n  the spine f e e l i n g  the equivalent  of a change i n  the magnitude and d i rec t ion  
of  t h e  p u l l  of gravi ty .  As t h i s  change w i l l  amount t o  I e s s  than t 50% of g 
under the  most severe condit ions p red ic ted ,  the  importance of a wa te r - f i l l ed  
bearing becomes c l e a r )  . 
3 .  The bearing requi res  t o  be r a d i a l l y  very t h i n ,  i n  order  t o  minimise the  
amount of spine diameter used up i n  accommodating it. 
4. A s  both duck and spine represent  very l a rge  concrete s t r u c t u r e s ,  ne i the r  
w i l l  be b u i l t  t o  to lerances  of b e t t e r  than ( a t  b e s t )  + 15mm. Further  
devia t ions  i n  t h e i r  shape and s i z e  w i l l  be caused by the  uneven loading of the  
waves, and t h e  e f f e c t s  of d i f f e r e n t i a l  thermal expansion. 
5. The f r a c t i o n  of power l o s t  a t  t h e  bear ing  comes o u t  a t  roughly twice the  
c o e f f i c i e n t  of f r i c t i o n  f o r  t h e  s u r f a c e s  involved. Even the  b e s t  p l a i n  
bearing mate r i a l s ,  with c o e f f i c i e n t s  as r e l a t i v e l y  l o w  a s  0.05, would r e s u l t  
i n  a 10% output  loss .  
6 .  The t a r g e t  design l i f e  of t h e  e n t i r e  device, inc luding the  bearing,  is 
2 5  years .  
The proposed bear ing  works using a combination o f  two separa te  p r i n c i p l e s  
squeeze f i lms,  and pass ive  magnetic repulsion.  
The p r i n c i p l e  of squeeze- f i lms i s  commonly encountered i n  journal  bearing 
o r  wherever two rap id ly  approaching su r faces  a r e  separa ted  by a l u b r i c a t i n g  
f l u i d .  If t h e i r  clearance i s  small ,  and t h e  escape pa th  f o r  the  f l u i d  long, 
then the pressure  b u i l t  up between the  su r faces  may delay t h e i r  contac t  f o r  
long periods.  
Archibald has documented t h e  r e l a t i o n s h i p s  governing squeeze-films i n  
terns of f l u i d  pressure ,  volume flow r a t e ,  load sus ta in ing  t i m e s  and convergenc 
speeds fox severa l  cases (1) , and it can be shown t h a t  the  convergence speed 
decreases roughly a s  the  inverse  cube of  t h e  clearance.  
An i l l u s t r a t i o n  of  the  proposed bear ing  appears i n  Figure l .  a t  i s  
designed s o  a s  t o  provide a very small ,  b u t  f i n i t e ,  clearance between the  
o u t e r  sp ine  surface and the  inner  annular  surface  of the  duck, while s t i l l  
allowing f o r  q u i t e  la rge  r e l a t i v e  displacements and/or s tress-induced 
deformations of  both duck and spine.  This  i s  accomplished by bonding t o  
the  surface  of t h e  duck a compressible ' s lubber '  l aye r  which occupies almost 
the  e n t i r e  ava i l ab le  volume between duck and spine.  
The slubber bearing comprises a th ick  l aye r  of f l e x i b l e  foam rubber o r  
p l a s t i c  c e l l s  with s i g n i f i c a n t  s t r eng th  i n  compression ( i e  r a d i a l  loading) 
bu t  l i t t l e  i n  shear  ( a x i a l  loading) , somewhat i n  the  manner of ' dun lop ill^'^ . 
The lower surface of the  c e l l  l aye r  i s  i n  contac t  with a semi-s t i f f  foam 
p l a s t i c  l aye r  i n  which a r e  embedded small  ceramic magnets; t h i s  layer i s  
i c h e d  between two e l a s t o m r i c  s h e e t s ,  e a c h  a b o u t  f m m  t h i c k ,  bonded t o  
i t s  upper and lower surfaces, 
similar magnet ic  sandwich i n  which t h e  magnets are l a i d  end-to-end, forming 
c l o s e d  c i r c u m f e r e n t i a l  r i n g s  whose p o l a r i t y  i s  such that t h e y  p r e s e n t  a 
cont inuous  n o r t h  ( o r  s o u t h )  pole on t h e i r  upper surface-* 
%is PS a l i g n e d  w i t h  the magnets i n  the lower s l u b b e r  l a y e r  which 
also fonn c i r c u m f e r e n t i a l  r i n g s ,  b u t  need no t  b e  cont inuous:  t h e  back of 
*See also Appendix 111. 
ill be subject t o  smaller Eorces than the "beak", and in  th is  
area the slubber magnets will be separated by discrete circumferential 
e duck and spine magnetic rings are arranged in mutual repulsion. 
the slrrbber layer w i l l  consist of sheets 
nsionl applied f r o m  a r o l l ,  around the circumferential 
. Each sheet i s  pm-tensioned and held a t  both edges 
closed rings round, the spine. This is  
e magnetic rings and ensure axial s tabil i ty:  
sctassed i n  a l a te r  section. 
m the lower each f lexlble  ce l l  w i l l  be one or more holes, continue4 
magnet layer af the sluhbex bearing, and allowing water free access 
in  ox aut o f  the ell. In gap ouir.side the slubber, water w i l l  be free t o  
r e n t i a l l y  around the spine; inside it w i l l  
rectSon other than out of the cell. We have created 
water, retaining i t s  f u l l  hydrostatic properties, but 
characteristics of the repelling magnets and the compressible 
A S 1  be chosen to comple nt one mother, as shown i n  Figure 2 .  
m e  load tha t  c be sustained by the bearing w i l l  simply be the sum of 
the  l ~ c a l  pressure, plus the force exerted by the magnets and bellows; the 
i n  m d  out of the c e l l s  ensures no pressure gradients are s e t  
water inside,  and a t  outside i n  the bearing clearance. 
The small i n i t i a l  force increase from A t o  B w i l l  give r i s e  t o  a 
limited, but s i p i f i c  t, deflection of the bellows, accomplished by including 
e a211 layer a thin sheet o f  eas i ly  compressible foam (see Fig 1 ) .  A t  B 
i s  marks the  loaded working point of 
the bearing, chosen f r  of the mooring forces and bal last ing errors.  
This ""buiht-in q u e e  " is  t o  allow the magnet clearance t o  remain relat ively 
hen subjected t o  negative l e a  , i e  on ttae side of t h e  duck diametrically 
0pp~sFte t o  the point of loading. 
as Lhe load increases, magncec repulsion absorbs most of the r i s e  £ram 
B t o  C with the gap closing accordingly; so f a r  b b r e  i s  l i t t l e  change i n  
the 0211 volume. Ahove point C the bellows begin t o  c ress;  the volme of 
the cello reduces and water i s  l l ed  through the holes i n  the lower sheet. 
Once released, the water may f l Ircumferentially o r  axial ly  round the spine - 
the distances i n  e i ther  case are long compared with the clearance, and pressure 
gradients between adjacent c e l l s  are small. Flow is  further impeded by the 
narrowing of the gap, and as vol e f lm ra te  i s  proportional t o  clearance 
ed, t h i s  e f fec t  kcames increasingly Important. 
A t  D e%le t w o  sides are out ts contact, with the force limited t o  that  
required t o  deflect the b e l l  s j  these still have plenty of water l e f t  to 
discharge, but the clear inf ini tesimally small. The spring 
arac ter i s t ics  of the bellows give a very f l a t  curve a t  t h i s  point. 
For the biggest waves l ike ly  t o  be encountered, t h i s  'enhanced squeeze- 
film-araxing can sustain the loads for  several hundreds of seconds; i n  
practice the load reversal times w i l l  never exceed eight seconds. The 
magnetic component of the bearing w i l l  sustain smaller loads indefini te ly,  
a s  well as automatically compensating for  any deviations i n  spine diameter 
(even on a very local sca le) .  By varying the circumferential pitch of the 
e r  magnets, the uneven nature of the load pattern can be exploited. 
Actual physical contact between the bearing surfaces should never occur. 
manent magnets are arranged i n  repulsion, each comes under 
the influence of a demagnetising f i e ld ,  th is  being the vector sum of the 
magnet 9 own wndf-dema$lzetising f i e ld  and the f i e ld  created by the presence 
of the other. e property which determines the f ie ld  strength around (and 
within) er. permanent magnet, m d  the at tract ive or repulsive force it can 
exert, is i t s  magnetisation J. Thi vector quantity, also known as the pole 
P u n i t  area, i s  not constant, but varies w i t h  the demagnetising 
ienced by the magnet, To further complicate matters, removal of 
the externally applied f ie ld  in  general restores the value of J to less than 
ts former ma itude, depending on Ube hysteresis properties of the particular 
material used. I n  o e x  words, permanent magnets in  repulsion tend to 
m e n t l y  weaken each other. 
For t h i s  a d  ather reasons, earing w i l l  use anisotropic barium 
ferr i te  magnets, w h i  belong to  the class of "hard" magnetic materials: 
these have relatively l m  values of 3, but can withstand extremely strong 
agnetising fields with l i t t l e  loss of perfomance. This i s  i l lustrated i n  
me magnets are required to  have the spring characteristics shown i n  
Figure 2 ( a ) ,  the desirable parameters being a high maxiurnurn force value 
combined with a sharp decline over the region CB - the l a t t e r  feature i s  
necessary when taking into account the behaviour a t  the opposite side of 
the spine. The magnetic forces must not cancel each other out. A computer 
was programmed to calculate the optimum magnet layout:, an explanation of the 
basis for these calculations is  given, with some examples, in  Appendix I. 
The results indicated that  opposing magnets with square cross sections 
of the same dimensions give the best force per unit weight a t  contact; with 
one magnet assumed infini tely long (the depth of the circumferential tracks 
around the spine i s  less than 0.2% of their  radius of curvature), the 
repulsive force i s  then proportional to  the length of the opposing magnet. 
Furthermore, the force per unit weight varies inversely as the linear 
me system chosen uses relatively small magnets of square cross-section, 
thus giving both a high force to  weight ra t io  a t  small clearances and a rapid 
decrease i n  repulsion as the clearances become large compared with the magnetic 
dimensions. This allows the best use t o  be made of magnetic material. The 
decision whether to  opt for a homopolar or heteropolar arrangement (see 
Figure 4) depends on the relative proportions of the axial pitch P and the 
magnetic dimensions. 
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For small magnets a t  large pi tch values, the two systems give similar 
force characteristics.  This i s  because, perhaps unexpectedly, a magnet i n  
the heteropolar system is  actually i n  PepuZsiOX with the opposing magnets in  
adjacent rows. Similarly i n  the homopolar system, the interaction between 
adjacent rows leads t o  an a t t rac t ion ,  thus decreasing the available l i f t .  
This e f f ec t  can be explained by considering the angles involved ( 3 ) ,  and i s  
quantit ively i l l u s t r a t ed  i n  Figure 5 ,  depicting force V s  clearance curves 
based on the mathematical model used i n  our calculations. 
AXIAL STAElILITY 
Although permanent magnet repulsion systems can provide suf f ic ien t  l i f t  
t o  support many times the i r  own weight - i n  early experiments with f e r r i t e s ,  
force-to-weight ra t ios  of 30 were recorded (2) - they  cannot do so in  stable 
equilibrium: complete levi ta t ion by passive magnetic repulsion alone i s  
impossible. Attempts t o  achieve s t a b i l i t y  by balancing a t t rac t ive  and 
repulsive forces likewise prove f u t i l e .  
These are consequences of Earnshaw's theorem, or iginal ly  formulated to  
explain the properties of ethereal pa r t i c l e s ,  but equally applicable t o  magnetic 
poles (4 )  ; a short  account of Earnshaw's theorem is  contained i n  Appendix 11. 
The penalty, then, for making a bearing stronger i n  repulsion i s  t o  
increase i t s  ins t ab i l i t y  in  some other direction, with the need t o  make greater 
provision for l a t e ra l  constraint. This i s  i l l u s t r a t ed  i n  Figure 6 ,  i n  a 
comparison of calculated pressures and axial  forces a t  constant clearance, but 
varying off s e t .  
In pract ice,  the magnets' alignment w i l l  be threatened by such factors 
as the relat ive axial  displacements of duck and spine, "banana shaped" 
deformations arising from stresses  imposed on the concrete due t o  creep, 
shrinkage or thermal expansion, and deviations in  the parallelism of the 
magnetic tracks. The ideal  system for  maintaining l a t e r a l  s t ab i l i t y  would 
somehow mutually align the duck and spine magnets regardless of the relat ive 
movements or deformations of the two structures.  
FIGURE 18. F 
The proposed arrangement uses r o l l i n g  bea r ings  and s e l f - a l i g n i n g  magnets, 
and i s  i l l u s t r a t e d  i n  F igure  7 .  It works by e s s e n t i a l l y  de-coupling t h e  a x i a l  
motion o f  t h e  s lubbe r  magnets from t h e  duck, and coupling it i n s t e a d  t o  t he  
sp ine .  
, 
. O  
. . v ... . . 0 . ' 0 . .;' '. , ..< ... g .  DUCK " ' 4. -. . . 4 , . 0 -; d . . 0 ". . A .  a-: 2:. *o, .. ., . . .. . . a a. . *  - .  . . ...  :.* . . 0 .  . . . . - .  . . . . . , A . '. . . h ..,,. ' l .  .2*  v' ..: . .. .. 
FIGURE 7 .  M ~ C  SWEEZE-~XIJI 
The e l a s tomer i c  s h e e t s  (i) and (ii) te rmina te  a t  either edge on ba tons  (iii) ,
while  anchored around t h e  sp ine  a r e  c i r c u m f e r e n t i a l  x a i l s  ( i v )  with a x i a l  p i t c h  
corresponding t o  t he  s h e e t  width. Shee t  t ens ion ing  screws (v)  c o m e c t  t h e  
batons t o  an  i n v e r t e d  U-shaped channel ( v i i )  pos i t i oned  above t h e  rail. Rubber 
wheels ( v i l  a r e  mounted on s p i n d l e s  ( v i i i )  a t t a c h e d  a t  i n t e r v a l s  a long  t h e  
length  of  the channel. The wheels can make con tac t  wi th  t h e  i n n e r  su r f aces  of  
t h e  sp ine  rail, and by doing s o  r e s t r i c t  t h e  a x i a l  movement ( b u t  not t h e  
c i r cumfe ren t i a l  movement) of  t h e  s lubbe r  magnets ( X ) .  
I n  ope ra t ion  the s lubbe r  l a y e r  w i l l  g l i d e  over  t h e  sp ine  wi th  no contac t  
occuring o t h e r  than  a t  t he  r o l l i n g  bea r ings .  Any p o t e n t i a l  o f f s e t  o f  t h e  magnets 
i s  l imi t ed  t o  t h a t  caused by the  shea r  fo rce  t r ansmi t t ed  by t he  bel lows l a y e r ,  
or  by l o c a l  misalignment of t h e  r a i l s .  The f i r s t  o f  these w i l l  be  smal l ,  a s  
t he  foam c e l l  sheet i s  not a c t u a l l y  a t t a c h e d  t o  the  upper sur face  of the 
magnet ' sandwich ' ,  and h a s  l i t t l e  s t r e n g t h  i n  s h e a r  anyway. b c a l  dev ia t ions  
i n  t h e  p a r a l l e l i s m  o f  t h e  r a i l s  w i l l  b e  compensated f o r  by t h e  ac t ion  of  t h e  
s h e e t s  s t r e t c h e d  between them. These a r e  pre- tensioned and w i l l  s t r e t c h  o r  
r e l a x  i n  accordance wi th  the  p i t c h  d e v i a t i o n s  o f  t h e  rails; a s  a r e s u l t ,  t h e  
moving magnets' p i t c h  changes t o o  b u t  remains a eonstmzt fraction o f  the r a i l  
pitch. The p r i n c i p l e  i s  t h a t  of  a ' l a z y  tongs '  : d i v i d i n g  unequal l eng ths  i n t o  
equal  numbers of  sub-lengths.  
To ensure  c o r r e c t  working of  t h i s  technique ,  t h e  sp ine  magnets must 
a l s o  be  p i t c h e d  t o  allow f o r  r a i l  d e v i a t i o n s  incu r red  both dur ing  cons t ruc t ion ,  
and as a r e s u l t  o f  dynamic s t r a i n  (due t o  thermal  expansion, c reep ,  shr inkage 
o r  bending) . 
The c i r cumfe ren t i a l  sp ine  r a i l s  w i l l  b e  l a i d  p a r a l l e l  t o  w i th in  a f a i r  
t o l e r ance  - t he  alignment of  upper and lower magnets must be more accura te .  To 
achieve t h i s ,  t h e  ins t rument  used du r ing  cons t ruc t ion  t o  l a y  t h e  sp ine  
magnets w i l l  ope ra t e  on the  same " lazy  tongs" p r i n c i p l e  a s  the s lubbe r  alignmen. 
system: t h e  d i f f e r e n c e  be ing  t h a t  t h e  s p i n e  magraets w i l l  be permanently 
p i t c h e d  t o  compensate f o r  non-para l le l i sm,  whi le  the s lubbe r  magnets w i l l  b e  
cont inuously,  dynamically,  compensating. 
S ide  f o r c e s  on a rail  w i l l  on ly  a r i s e  when an i n c r e a s e  i n  t h e  s h e e t  
t ens ion  (o f  the  duck magnetic sandwich) on one s i d e  i s  n o t  matched on t h e  
o t h e r ;  non-paral le l ism of  t h e  r a i l s  w i l l  have t h i s  e f f e c t ,  b u t  t h e  dev ia t ions  
w i l l  be  s m a l l  and average o u t  over  s h o r t  d i s t a n c e s .  Because they  a r e  
connected i n  s e r i e s ,  p re- tens ioning  t h e  s h e e t s  w i l l  only e x e r t  l a t e r a l  fo rce  
on those rails a t  the  outermost ends of  t h e  bear ing .  These a r e  a s p e c i a l  
case  and w i l l  be  s t rengthened  accord ingly ,  as w i l l  those f o r  two rows i n s i d e  
them, a s  a s a f e t y  measure. 
Although the  sources  of  dynamic s t r a i n  mentioned above w i l l  almost 
c e r t a i n l y  deform t h e  sp ine  i n  a non-uniform manner, t h e  t o t a l  d i f f e r e n t i a l  
s t r a i n  w i l l  .not  exceed about 0.03% (1Omrn ove r  t h e  length  o f  t h e  sp ine)  ; t he  
deformation w i l l  be  manifest  a s  a banana bending, g iv ing  r i s e  t o  small  changes 
i n  the s tanding  t ens ion  of t h e  e l a s tomer i c  s h e e t s .  Changes i n  t he  r a i l  p i t c h  
w i l l  l ikewise  be smal l ,  while  t h e  a l l - impor tan t  magnet alignment w i l l  n o t  be 
a f f e c t e d  a t  a l l .  
SURVIVAL OF THE BEARING 
To su rv ive  a  t a r g e t  design l i f e  of  2 5  y e a r s ,  the  bea r ing  must be r e s i s t a n t  
to:- 
(i) wear and abras ion  
(ii) corros ion  o r  o t h e r  chemical degradat ion 
(iii) t h e  e f f e c t s  of  marine f o u l i n g  
Wear and Abrasion 
In  normal opera t ion ,  t h e  bea r ing  s u r f a c e s  w i l l  n o t  touch. The e l a s tomer i c  
s h e e t s  w i l l  n eve r the l e s s  have high abras ion  and s c r a t c h  r e s i s t a n c e  a s  a  s a f e t y  
measure; a  synthe t ic -£  i b r e  r e in fo rced  polyurethane i s  one contender f o r  t h i s  
a p p l i c a t i o n ,  combining good wearing p r o p e r t i e s  wi th  an e l a s t i c  modulus i n  
t he  r equ i r ed  range. The only  p o i n t s  o f  c o n t a c t  w i l l  be  between t h e  r o l l e r s  
and the  raceway (comprising t h e  s p i n e  rails and sheet-edge runne r s ) .  
Se l ec t ion  of  m a t e r i a l s  f o r  t h e s e  components w i l l  depend on the  magnitude o f  
t h e  fo rces  encountered: l i k e l y  choices  a r e  ha rd  p l a s t i c / r u b b e r  f o r  t he  r o l l e r s  
and g l a s s - r e in fo rced  p l a s t i c  (G.R.P. f o r  t h e  raceway. 
Chemical Degradation 
The presence of seawater  i n  t h e  bea r ing  c learance  d i c t a t e s  t h a t  the  
bear ing  components should n o t  corrode,  o x i d i s e ,  d i s s o l v e  o r  dena ture .  
P l a s t i c s  may be chosen accord ingly ,  and t h e i r  l i f e s p a n  w i l l  be g r e a t l y  
increased  by t h e  absence o f  t h r e e  impor tan t  f a c t o r s  known t o  a c c e l e r a t e  
degrada t ion ,  namely, l i g h t ,  high temperature and marked temperature v a r i a t i o n  - 
o 
t h e  bear ing  ope ra t e s  i n  complete darkness  i n  s e a  temperatures  averaging 10 C, 
0 
with an annual temperature range of  l e s s  than 6 C  . 
The magnetic ma te r i a l  con ta ins  i r o n  and barium i n  t h e i r  most h igh ly  
oxid ised  s t a t e s  (barium f e r r i t e  i s  r u s t  i n  a l l  b u t  name) and can l a s t  
i n d e f i n i t e l y  i n  a marine environment. S i m i l a r l y  a t t r a c t i v e  a r e  t he  q u a l i t i e s  
of G.R.P. m a t e r i a l s  such a s  i s o p h t h a l i c  p o l y e s t e r  r e s i n  r e in fo rced  wi th  
u n i d i r e c t i o n a l  g l a s s  f i b r e .  The Royal Navy i s  c u r r e n t l y  ope ra t ing  v e s s e l s  
i n  which such ma te r i a l s  have rep laced  s t e e l  i n  t h e  h u l l  cons t ruc t ion .  
Marine Foulinq 
Marine fou l ing  poses t he  g r e a t e s t  t h r e a t  t o  t h e  b e a r i n g ' s  opera t ion .  
Although c e r t a i n  a l g a l  s l ime would a c t  a s  super - lubr icants ,  t he  presence 
of hard s h e l l e d  spec i e s  on the bea r ing  su r f ace  would produce su r f ace  
contac t ,  increase  f r i c t i o n ,  and cause permanent damage. An ant i - foul ing  
treatment i s  required which completely prevents  both  the  i n i t i a l  set t lement 
and subsequent growth of  such marine organisms. 
The foul ing  problem has  been comprehensively summarised by Picken and 
FitzGerald of the  S c o t t i s h  Marine Biologica l  Association (5). They record 
t h a t  continuous low-level ch lo r ina t ion  i n  concentrat ions a s  low a s  0.02 
p a r t s  per  mi l l ion  has proved an e f f e c t i v e  d e t e r r e n t  aga ins t  the  se t t lement  
and growth of  hard fou l ing  species .  Chlorine may be used a s  a  b iocide  a t  
much higher concentrat ions than t h i s  without  detr iment  t o  the  environment. 
Two of the  most s u i t a b l e  methods o f  administer ing chlor ine  a r e  ( a )  i n  
the  form of  concentrated sodium hypochlori te  s o l u t i o n ,  s t o r e d  i n  tanks on 
board the  duck s t r i n g  and cailuted i n  8 i - h  and (b) continuous generat ion by 
e l e c t r o l y s i n g  seawater. Hypochlorite in t roduces  handling problems and has 
a  l imi ted  s h e l f - l i  f e  , r equ i r ing  p e r i o d i c  replenishment. E l e c t r o l y s i s ,  used 
i n  conjunction with some method of  prevent ing  the  build-up of by-products 
(e .g.  calcareous d e p o s i t s ) ,  r ep resen t s  a very a t t r a c t i v e  method f o r  continuous 
low-level chlor ina t ion .  E l e c t r i c i t y  i s  xeadi ly  ava i l ab le ,  and t h e  amount of  
chlorine required can be found knowing the  volume and re ten t ion  h a l f - l i f e  
of  the  water i n  the  bearing,  and the  a c t i v e  l i f e  of  the  biocide.  Preliminary 
ca lcu la t ions  suggest a  very small chlor ine  requirement, equivalent  t o  about 
8 grammes of  the  b iocide  continuously a c t i v e  i n  the  bearing. 
Protec t ion  must a l s o  be afforded aga ins t  the  e n t r y  of fore ign matter 
such a s  seaweed and flotsam i n t o  the  open ends of the  bearing: f o r  t h i s  
purpose a  s u i t a b l e  impediment i s  provided. The only paths  f o r  water t o  
flow i n t o  o r  out  from, the  squeeze-film bearing e x i s t  a t  the  o u t e r  edges 
of the  duck (where r o l l i n g  bearings supply the  means of  i t s  gross  a x i a l  
loca t ion  on the s p i n e ) .  A p a r t i a l  s e a l  e x i s t s  between the  duck edge and 
t h e  r a i sed  spine flange a t  this p o i n t ,  maintained by a  s t i f f e n e d  rubber 
s k i r t  a c t i n g  l i k e  a draught excluder. Water w i l l  have d i f f i c u l t y  flowing 
p a s t  t h i s  impedance, b u t  more s i g n i f i c a n t l y ,  w i l l  have l i t t l e  incent ive  t o  
do so: any wave load which causes a build-up of water pressure  ins ide  the  
squeeze-film bearing w i l l  give r i s e  t o  a s i m i l a r  pressure  increase  on 
exposed p a r t s  of the  spine i n  t h a t  v i c i n i t y .  With only small pressure 
gradients  across the  "sea l"  the re  i s  l i t t l e  tendency f o r  water t o  leak i n  
o r  out .  This i n  turn helps  maintain the  chlor ine  l e v e l s  ins ide  the  squeeze- 
f i lm bear ing ,  while simultaneously preventing the  inflow of oxygen and 
organic n u t r i e n t s .  
A f i n a l  word can be s a i d  regard ing  t h e  l i f e  expectancy of the  e l a s tomer i c  
s h e e t s  which c o n s t i t u t e  t h e  bea r ing  i n n e r  su r f aces .  In  25 yea r s  they  w i l l  
t r a v e l  r e l a t i v e  t o  each o t h e r  t h e  equ iva l en t  o f  125,000 mi les  a t  an average 
speed of about  3 mph. They w i l l  o p e r a t e  i n  cond i t i ons  of l o w ,  a lmost  
cons t an t ,  temperature and complete darkness .  Loading w i l l  be  zero ,  except  
i n  cond i t i ons  a s  y e t  unobserved i n  na tu re  (when it w i l l  be  very small), and 
continuous water  l u b r i c a t i o n  i s  assured.  
P. p a r a l l e l  might be drawn wi th  t h e  rubber  t y r e s  on a roadgoing veh ic l e  - 
these  a r e  s u b j e c t  t o  some degree of  s l i d i n g  f r i c t i o n  and gene ra l ly  ope ra t e  
on rough, dry  su r f aces  r a t h e r  than  t r u l y  r o l l i n g  on smooth wet ones. Even 
al lowing f o r  t h e  ha r she r  cond i t i ons ,  i n  c o u n t r i e s  where severe  speed 
r e s t r i c t i o n s  apply - e.g. 20 mph i n  Bermuda - and c a r  t y r e s  a r e  consequently 
spare'd t h e  worst  r i g o u r s  of  corner ing  and braking ,  they  gene ra l ly  l a s t  f o r  
a s  long a s  t he  c a r  does. Indeed i n  Bermuda, where t h e r e  i s  no second-hand 
c a r  market, t h i s  may e n t a i l  decades o f  continuous use. B e t t e r  q u a n t i t a t i v e  
comparisons w i l l  be forthcoming once somebody dev i se s  a way of  aquaplaning 
a so l id - ty red  c a r  a t  3 mph i n  complete darkness  non-stop f o r  25  years .  
APPENDIX I 
THEORETICAL CALCULATION OF THE REPULSIVE FORCES BETWEEN PERMANENT MAGNETS 
This  problem may be approached from s e v e r a l  d i r e c t i o n s  employing 
d i f f e r e n t  mathematical models; McCaig has  desc r ibed  t h e  comnonest of t hese  
and d i scussed  t h e  r e l a t i v e  m e r i t s  o f  each ( 3 )  . The permanent magnet 
p rope r ty  p e r t i n e n t  t o  r epu l s ion  c a l c u l a t i o n s  i s  J ,  t h e  magnetic p o l a r i s a t i o n  
o r  magnet isat ion v e c t o r  (some incons i s t ency  surrounds t h i s  p o i n t ,  J a l s o  
be ing  r e f e r r e d  t o  as t h e  i n t r i n s i c  f l u x  d e n s i t y ,  b u t  i n  this t rea tment  
S1 u n i t s  a r e  used throughout ,  and J w i l l  be c a l l e d  t h e  magnet isat ion with 
u n i t  t h e  t e s l a  (T) 1. 
Calcu la t ions  may be  g r e a t l y  s i m p l i f i e d  i f ,  f o r  t h e  magnetic m a t e r i a l  
i n  q u e s t i o n ,  t h e  va lue  o f  J i s  assumed uniform thxoughaut i t s  volume. This  
i s  j u s t i f i e d  when d e a l i n g  wi th  ha rd  magnetic m a t e r i a l s  - such a s  the 
a n i s o t r o p i c  barium f e r r i t e  used i n  t h e  squeeze-film bea r ing  - whose 
demagnet isat ion curves approach t h e  i d e a l  "square loop" ( see  page 6 ,  t h i s  
r e p o r t ) .  Although some c o r r e c t i o n  must be app l i ed  t o  allow f o r  t h e  
demagnetising in f luence  of r e p e l l i n g  magnets on each o t h e r ,  a reasonable 
f i r s t  approximation may be  obta ined  i n  this manner. 
The model employed r e p r e s e n t s  permanent magnets a s  uniform so lenoids  of 
r ec t angu la r  c ross -sec t ion  , t h e i r  magnet isat ion g iv ing  r i s e  t o  a s u r f  ace c u r r e n t  
-. 
dens i ty  v e c t o r  K ,  where :- 
,U, i s  t h e  magnet isat ion cons t an t  ( b l x ~ o - ~  i n  S1 u n i t s )  and if t h e  u n i t  vec to r  
normal t o  t h e  app ropr i a t e  face.  This  model i s  descr ibed  by Tsui  e t  a2 (61, 
and has  a l s o  been employed by Borcher t s  i n  a t h e o r e t i c a l  a n a l y s i s  of  permanent 
magnet l e v i t a t i o n  f o r  t r a c k  v e h i c l e s  ( 7 )  . 
Two magnets arranged i n  r epu l s ion  a r e  shown i n  Figure 8, t oge the r  wi th  
a r ep re sen ta t ion  of t h e  equ iva l en t  so lenoids .  The n e t  a t t r a c t i o n  o r  
repuls ion  i s  found by i n t e g r a t i n g  the  fo rce  con t r ibu t ions  due t o  i n t e r a c t i o n s  
between c u r r e n t  conducting elements  i n  t h e  two so lenoids .  The incremental  
+ -# -v 
force  d f  between two such elements  (lower) and 64' (uppe r ) ,  car ry ing  
Figure 8. Repulsion magnets and equivalent solenoids. 
. I  
currents of Z and Z respectively i s  given by:- 
* 9 
i n  which 7 i s  the position vector from dl to / ( 8 ) .  
This leads t o  an expression for  the t o t a l  force exerted on one complete 
current loop by another :- 
(iii) 
t o  be integrated with respect t o  and de around the two closed c i rcu i t s .  
I f  the 




currents f, and 2" are now substituted with current sheet densities 
I 
then the incremental lengths and must be replaced by 
areas. This i s  shown ln Figure 9 i n  an i l l u s t r a t ion  of the 
between two such area elements, dA and d ' Note tha t  may 
with A$ , and A A '  w i t h  .(I1%'. 
Where the currents flow ant ipara l le l ,  the resulting magnetic force i s  
repulsive (eg. between sides A and A' 1 ; where they flow pa ra l l e l  (eg .  sides 
4 and c' ) ,  it  i s  at t ract ive.  Currents flowing a t  r ight  angles (eg. sides 
A and B ' ) ,  do not interact .  The t o t a l  force 5 may be expressed i n  terms 
of the in te r fac ia l  forces:- 
Fiaure  9. I n t e r a c t i o n  between a r e a  e lements  o f  so l eno ids .  
I n  the case  of  a  s m a l l  magnet i n  l e v i t a t i o n  above a very  long magnetic 
t r a c k ,  t h e  l e n g t h s  o f  s i d e s  and B of  t h e  lower magnet be ing  assumed much 
g r e a t e r  than 8 '  and D' of  the upper one, t h e  r epu l s ion  f o r c e s  and & I  
and t h e  a t t r a c t i o n s  FA and become n e g l i g i b l e ,  and may be  omi t ted  from 
equat ion  ( i v )  . W e  now have :- 
F S G + F,. - ( F,# + F, ( V )  
Th i s  case  i s  i l l u s t r a t e d  below i n  F igure  10. 
From equation (iii) a general expression can be obtained for the force 
between two interact ing sides p (lower) and Q '  (upper) in  th i s  modified 
case : - 
From equation (i) , k and K '  may be replaced by S / p e  and ~9~ in t h i s  
calculation both magnets are assumed t o  be composed of the same material, so 
the constant term becomes X%/ It ,p, ( v i i i )  . 
Equation (v i )  may be used t o  represent each of the terms in expression 
( V )  i n  turn, the limits of integration being the same i n  a l l  four cases. The 
4 
general position vector .I"- must be replaced in  each case by 
7 -+ 
y60' , or as appropriate. Furthermore, each term 6,' mus t  be separately 
evaluated toice i n  order t o  obtain both the horizontal and ver t ica l  components. 
Although the horizontal components cancel when the magnets are in  perfect 
l a t e ra l  alignment, it i s  required to  find t h e i r  magnitude when the upper 
magnet becomes of fse t  i n  the 2 -direction. I f  the general position vector 
-+ 
Tq+ i s  given by:- 
4 - 
Were n, , ny and R I  are the unit  vectors along the reference axes, then 
the values of b , the 2 -component of each position vector, w i l l  be :- 
where 
230 
i s  the l a t e ra l  ( 3 -direction) o f f se t  of the upper magnet. 
From equat ion  ( v i )  t h e  v e r t i c a l  f o r c e  component fm4 f o r  t h e  gene ra l  case 
i s  given by :- 
and t h e  h o r i z o n t a l  fo rce  component :- 
(xv) 
Dealing f i r s t l y  wi th  L.h), and i n t e g r a t i n g  wi th  r e s p e c t  t o  X (lower 
magnet length)  g ives  :- 
If the  lower magnet length  9, i s  now extended to i n f i n i t y  t o  s imula te  
a  t r a c k ,  an express ion  can be obta ined  f o r  t h e  l i m i t i n g  fo rce  h- f w ' ( a ) : -  
- 1  4 00 
Now i n t e g r a t i n g  w i t h  r e s p e c t  t o  X'  (upper  magnet length)  gives:- 
I n t e g r a t i n g  wi th  r e s p e c t  to Z (lower magnet depth) :- 
I 
F i n a l l y  i n t e g r a t i n g  with r e s p e c t  t o  '%: (upper  magnet depth)  :- 
3 La F4 ('1 = (2. + c, + C,)  R [(E.+<, 4 c,)' + b' ] 
9, - - 4 n/O' - (2. + C . )  e, [ ( & + c , , a -  "'l 
The corresponding express ion  f o r  t h e  sideways fo rce  component between two 
f aces  i s  found by t ak ing  the  l i m i t  of F , .  (equat ion  (xv)  ) a s  5 ,  -4 0 0 .  
- 126 - 
This g ives  the  f u l l y  i n t e g r a t e d  expression:- 
By summing the  appropr ia te  four fo rces  i n  expxession ( v ) ,  the  t o t a l  v e r t i c ;  
o r  hor i zon ta l  force exer ted  on the  upper magnet by the  t r ack  can be found, f o r  
any given combination of clearance 2, and l a t e r a l  o f f s e t  
' 2 0  
. Because the  
t r ack  i s  assumed t o  be i n f i n i t e l y  long,  the re  i s  no CC -component of force.  
A microcomputer was programmed t o  c a l c u l a t e  the  fo rces  between a t r ack  of 
va r i ab le  inpu t  dimensions ( b, and C ,  1 b u t  i n f i n i t e  length ,  and a supported 
block of va r i ab le  dimensions ( 9% , b x ,  and C r  a t  any chosen values of 9. 
and 2,. J was assumed equal  f o r  both magnets, the  value t o  be se lec ted  f o r  
the  p a r t i c u l a r  magnetic ma te r i a l  under study. 
By s u i t a b l y  modifying the  program, it was poss ib le  t o  c a l c u l a t e  the  fo rces  
between an ar ray  of p a r a l l e l  t r acks  and supported magnets: the  ca lcu la t ion  had 
t o  take i n t o  account every i n t e r a c t i o n  between a t r ack  and an upper magnet. 
The r a i l s '  l a t e r a l  p i t c h  was assumed uniform, with a l l  r a i l s  having the same 
cross-sec t ional  dimensions; the  supported magnets were l ikewise assumed t o  be 
i d e n t i c a l .  A fu r the r  adaptat ion involved the  in t roduct ion  of a longi tudinal  
p i t c h  value f o r  the  upper magnets, assuming many t o  be supported above each 
track.  The forces  on a supported block can be seen from expressions (xx) and 
(xxi )  t o  be d i r e c t l y  propor t ional  t o  i t s  length Q,, hence the  losses  incurred b 
increas ing the longi tudinal  p i t c h  can e a s i l y  be ca lcula ted .  Furthermore, by 
taking i n t o  account the  l a t e r a l  p i t c h  of  the  t r a c k s  a s  we l l ,  the  t o t a l  l e v i t a t i o !  
force ava i l ab le  from a given area of t rack  ( inc luding spaces) - i e .  the  pressure 
the  system w i l l  bear  - may be ca lcula ted .  Resul ts  showing pressure V s  clearance 
and a x i a l  force pe r  u n i t  a rea  V S  clearance can be seen in Figures 5 and 6 (main 
t e x t )  , and overleaf  i n  F igure  11. 

The r e s u l t s  obtained i n  thi S mathematical t rea tment  represent  the  p:aximum 
ava i l ab le  forces  f o r  the  systems described.  Losses must be expected, due t o  
the demagnetising f i e l d s  mutually exe r t ed  by repuls ion  magnets i n  close ~ r o x i m i t .  
The magnetisation (J) of each i s  a funct ion  of  the  demagnetising f i e l d  i t  
experiences,  while the  f i e l d  it e x e r t s  depends on i t s  magnetisation: the  problem 
i s  c y c l i c a l  and most commonly solved using i t e r a t i v e  techniques. Tsui e t  a2 
( 6 )  employed such a method with considerable success i n  a comparison of repulsio: 
using var ious  d i f f e r e n t  permanent magnet mater ia ls .  They a l s o  found t h a t  
barium f e r r i t e s ,  though n o t  the  most powerful repuls ion  magnets, gave forces  0x11: 
s l i g h t l y  l e s s  than the maximum ca lcu la ted  values ,  even a f t e r  forced contac t  
(whence a r e  encountered t h e  maximum demagnetising f i e l d s )  . 
Complete l e v i t a t i o n  by pass ive  magnetic repuls ion  would requi re  t h a t  a  
p o i n t  magnetic po le ,  o r  c o l l e c t i v e  arrangement of  po les  ( i n  the  form of a  permanent 
magnet) , be suspended a t  a  p o s i t i o n  of  minimum p o t e n t i a l  energy. I f  a  magnetic 
f i e l d  were t o  e x i s t  a t  a p o i n t  f u l f i l l i n g  t h i s  condit ion then,  denoting a s  V the  
s c a l a r  magnetic p o t e n t i a l  of  
no ta t ion ,  the  following must 
t h e  po le  ( $ 1  ., and using rec tangular  co-ordinate 
d?' dV - 0 " X -  
A f u r t h e r  condit ion f o r  a  p o t e n t i a l  minimum is  t h a t  the  second de r iva t ive  of V 
be positive. 
The continuous nature  of magnetic f i e l d  l i n e s  i n  f r e e  space i s  implied i n  
Laplace 'S equation :- 
i n  which a t  l e a s t  one term must be p o s i t i v e  and one negative - hence the  three  
second de r iva t ives  of  V cannot a l l  be p o s i t i v e ,  with the  r e s u l t  t h a t  the  p o l e ( s )  
must be unstable with respect  t o  displacement i n  a t  l e a s t  one d i rec t ion .  
Furthermore, i n  Earnshaw's words, "The equation d2 V + d2 V i dj,V = 0, from f g 
which the  i n s t a b i l i t y  a r i s e s ,  holds  equa l ly  f o r  a t t r a c t i o n  and repulsion.  It 
may be observed a l s o  t h a t  the  i n s t a b i l i t y  cannot be removed by arrangement; f o r  
though the  values of 8 V, d2V, d2V depend upon the arrangement of the p a r t i c l e s ,  
f g h  
the  f a c t  t h a t  one a t  l e a s t  must be p o s i t i v e  and one negative depends only upon 
the  equation d2V + h V + diV = 0, which i s  t r u e  f o r  every arrangement. And f 9 
consequently, whether the  p a r t i c l e s  be  arranged i n  cub ica l  forms, or i n  any 
o the r  manner, the re  w i l l  always e x i s t  a  d i r e c t i o n  of i n s t a b i l i t y " .  
*The o r i g i n a l  version may be found i n  Reference 4. 
APPENDIX 111 
SECURING THE SPINE MAGNEX"I' 
The method o f  a t tachment  of the f e r r i t e  magnetic b locks  t o  t h e  sp ine  
su r f ace  i s  of  some importance and deserves  f u r t h e r  comment. These magnets 
must e x h i b i t  no tendency t o  work f r e e  dur ing  t h e  l i f e t i m e  of  t h e  bear ing .  
The upper (duck) magnets, sandwiched between two e l a s tomer i c  s h e e t s  
a t  t h e  base  of  t h e  s lubbe r  l a y e r ,  a r e  w e l l  secured:  one p o s s i b i l i t y  i s  t h a t  
a similar sandwich - without  any h o l e s  through it - be o v e r l a i d  on t h e  
sp ine ,  as i n  Figure 1. 
M o t h e r  arrangement - shown below i n  F igure  12 - would involve  sp ine  
magnets wi th  a shal low channel  a long  t h e  l eng th  of  t h e i r  upper su r f ace ;  a 
t h i n  b e l t  made of  s y n t h e t i c  f a b r i c  i s  recessed  i n  t h i s ,  and i s  t i g h t l y  
wound around t h e  sp ine  circumference,  r e s t r a i n i n g  t h e  magnets. 
F igure  12. Method of  a t tachment  of  sp ine  magnets. 
Fu r the r  hindrances t o  t h e i r  p o s s i b l e  detachment a r e  provided by t h e  
e l a s tomer i c  s h e e t  s t r e t c h e d  over  t h e i r  upper s u r f a c e ,  and t h e  double s ided  
adhesive t ape  on the  su r f ace  o f  t h e  s p i n e  i t s e l f .  The r epu l s ion  fo rces  
encountered i n  opera t ion  w i l l  t end  t o  increase t h e  adhesion o f  t h e  magnets 
t o  the s p i n e ,  while  a s u i t a b l e  f i l l e r  compound - most probably cement 
based - w i l l  p revent  any p o t e n t i a l  a x i a l  d i s l o c a t i o n .  
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4.5 Spine J o i n t s  
4.5.1 Hookes J o i n t  
The p r e f e r r e d  des ign  f o r  t h i s  u n i t  comprises 
water  l u b r i c a t e d  laminated s p h e r i c a l  s t e e l l r u b b e r  
bea r ings  of t h e  type  produced by Andre Rubber Co. 
Such bea r ings ,  based on e x i s t i n g  technology,  can 
be r e l i e d  upon f o r  a  long maintenance-free l i f e .  
An a l t e r n a t i v e  b a s i s  of t h e  Hookes j o i n t  i s  a  
s e r i e s  of 4  X 1250 mm d iameter  bore SW s p h e r i c a l  
p l a i n  bear ings  of t h e  s t e e l  IPTFE composite t ype ,  
type  des igna t ion  GEC 1250 f s a .  These bear ings  
have been s p e c i f i c a l l y  designed t o  be maintenance 
f r e e  and SW quote  ca se s  of t h e i r  u se  i n  very  
arduous cond i t i ons  such a s  a  s t e e l  works where 
t hey  have g iven  a  l i f e  of 20 yea r s  o r  more 
wi thout  any a t t e n t i o n  whatsoever. 
I n  t h e  ca se  of t h e  duck t h e i r  du ty  i s  n o t  nea r ly  
s o  hazardous i n  t h a t  they a r e  no t  exposed t o  any 
h o s t i l e  environment. 
It should be noted t h a t  t h i s  j o i n t  w i l l  be made 
only  i n  calm water  o r  ashore.  The connect ion a t  
s e a  i s  t h e  f i x e d  j o i n t  f l a n g e  a t  mid-spine ( s e e  
Drawing No. 10102). 
4.5.1 ( ~ o n t i r ~ e d  ) . 
Design Equations for Control of Spine Joint 
The system equations are as  follows: 
Joint moment 




Angle of 1st  
Displacement 






Ram flow rate 
Output flow rate 
Joint angular velocity 
Shaft speed in radians/sec 
Shaft torque 
per radian swash 
per radian swach 
4.5.2 Rams 
The rams needed a r e  610 mm bore  a t  6000 l b s  pe r  
squa re  i nch  wi th  a  2.2 m s t r o k e .  These rams f a l l  
w e l l  w i t h i n  t h e  normal commercial range of a  
number of f i rms .  We have i n  f a c t  s e l e c t e d  a  
Bradford Cyl inder  des ign  and a  q u o t a t i o n  f o r  a  
ram wi th  a  s u i t a b l e  l i f e  i s  appended he re to .  
Power Take-Off 
I n  t h e  o r i g i n a l  r e p o r t  on t h i s  Wave Energy Device 
da t ed  November 1979, i t  was suggested t h a t  t h r e e  
a s p e c t s  of t h e  power take-off r equ i r ed  f u r t h e r  
examination:- 
1. The Flywheel/Gyroscope 
2.  Swashplate Hydraul ic  Motor 
3.  The Ring Cam Pumps 
A l l  environmental problems on a l l  t h e  above 
equipment a r e  so lved  by v i r t u e  of t h e  enc losu re  
w i t h i n  t h e  power c a n i s t e r  a t  low atmospheric  
p r e s s u r e  u s ing  i n e r t  gas  t o  i n s u l a t e  t h e  e n t i r e  
system from t h e  hazardous,  s a l t y  cond i t i ons  of 
t h e  surroundings 
4.5.3 ( i )  Flywheel 
This  is  t h e  s u b j e c t  of a  s e p a r a t e  c o n t r a c t  being 
undertaken by John Laing f o r  t h e  Department of 
Energy and a  f u l l  r e p o r t  w i l l  be i s sued  i n  due 
course;  however work has  proceeded s u f f i c i e n t l y  
f a r  t o  be a b l e  t o  s t a t e  t h a t  a f lywheel  of t h i s  
con f igu ra t ion  i s  f e a s i b l e .  
( i i )  Swashplate Motor 
(Drawing No. 10083 r e f e r s )  
The Robert Clerk des ign  of pump/motor embodies 
many novel  f e a t u r e s  d i r e c t e d  a t  ach iev ing  long 
l i f e  and h igh  e f f i c i e n c y  w i t h  a  h igh  speed,  r ap id  
response u n i t .  Towler Hydraul ics  of Leeds have 
had an  oppor tuni ty  of a s s e s s i n g  t h e  p o t e n t i a l  of 
t h e  des ign  whi le  a l s o  running a  h a l f - s i z e  u n i t .  
They s t a t e  t h a t ,  w i th  s u f f i c i e n t  funding,  t h e r e  
i s  no reason why a  s u i t a b l e  u n i t  should not  be 
developed wi th in  two years .  This view i s  borne 
out  by a  s e p a r a t e  r epo r t  by Commercial Hydraulic 
Limited of Hucclecote commissioned by ETSU 
d i r e c t .  
E f f i c i ency  c a l c u l a t i o n s  f o r  t h e  Robert Clerk 
motor a r e  appended here to .  
PUMP/MOTOR EFFICI3NCY CALCULATION 
Hydraulic Losses 










leakage perimeter o r  one dimension of a shear area. 
clearance. 
absolute viscosity. 




operations pex second. 
I n  high pressure o i l  systems fluid flow veloci t ies  are low, laminar flow 
can usually be assumed and f a i r l y  accurate loss  calculations can be made. They 
f a l l  i n t o  three classes: 
Leakage. Energy i s  dissipated as f lu id  flows from a high pressure 
source through the clearances round the pistons,  valves, port  plates  e t c ,  
p2sc 
Leakage power = - 
12uL 
We need t o  keep clearances small while viscosity and peakage paths 
are large. 
Shear. Energy i s  dissipated as a r e su l t  of the shear force and 
re la t ive  velocity between two adjacent moving areas. 
S L ~  Shear power = - 
E 
We need viscocity and areas low while clearances are large i n  confl ic t  
with the requiremnts for  low leakage. 
Compressibility. Energy i s  stored as a resu l t  of the f i n i t e  bulk 
modulus of the hydraulic f lu id .  This energy may be recovered by 
in t e l l igen t  design but i s  sometimes destructively dissipated when 
a chamber i s  connected t o  the wrong pressure. 
Q P ~ ~  Compressibility power = - 
2 K 
We need t o  keep chamber volumes small and t r y  t o  use a high bulk 
modulus o i l .  Vaccuum str ipping helps. Proper timing control can 
eliminate the compressibility losses except a t  l o w  swash angles i n  
ax ia l  piston uni ts  where the control angles become impractically 
large . 
I t  usually turns out tha t  the lowest losses are achieved i f  leakage and 
shear losses are made equal. The value of viscosity is  uncertain because of 
i ts temperature dependence. u t  a t  the point where shear and leakage are  
equal, moderate variations i n  viscosi ty  have l i t t l e  e f f ec t  because the two 
loss changes cancel one another. 
The most important single factor  i s  clearance because of i t s  cube law 
ef fec t  on leakage. A l l  the s k i l l s  of the designer should go i n t o  getting the 
clearance correct despite the d is tor t ions  tha t  can occur when the units are 
under pressure. By making our system pressure proportional t o  gyro spin-speed, 
we maintain the equality of leakage m d  shear over the en t i r e  range of sea 
s ta tes .  Apart from the constant a r  loss  of the axial  piston uni t  which 
drives the e l ec t r i ca l  generator and the generator" own iron losses, we w i l l  
then achieve a constant conversim efficiency d avoid the disproportionately 
high losses which occurred a t  low power leve ls  i n  the 1979 reference design, 
Detailed losses are summarised oh the following pages. 
ROBERT CLERK 9/55 AXIAL PUMP/MOTOR 
Number of c y l i n d e r s  
P i s t o n / c y l i n d e r  bore 
Max. swash-plate t i l t  
Max. p i s t o n  s t r o k e  
Max. s t r o k e  displacement  
Max. pump/motor displacement  
Max. d e l i v e r y  a t  1500 rpm @ 0  p s i  
Max. t h e o r e t i c a l  power @ 3200 p s i  
Residual  c y l i n d e r  volume @ TDC 
Working f l u i d  a b s o l u t e  v i s c o s i t y  
Working f l u i d  c o m p r e s s i b i l i t y  
TDC "no-loss" t iming ang le  
BDC a n t i - n o i s e  t iming  ang le  
TDC "no-loss" t iming ang le  
BDC a n t i - n o i s e  t iming  ang le  
"No-stroke" unco r r ec t ab l e  l o s s  
= 9 - 55 m/m 
0 
= 24 a n g l e  e i t h e r  way of c e n t r e  
= 151 m/m 
= 358.9 cm 
3  
= 21.892 cu  i n s  
= 3.23 l i t res  = 197 cu i n s  
= 80.75 l i t r e s / s e c  = 1067 GPM 
d i f f  =1783KW = 2391 HP 
= 27.41% of max. displacement  
( 6  cu  i n s )  
= 21 c e n t i s t o k e  @ op. temp. 
( 3  microreyns) 
= 1.477% @ 3250 p s i  
= 7 114' @ 3250 p s i  X max. s t r o k e  
(24' swash) 
= 15' @ 3250 p s i  X max. s t r o k e  
(24' swash) 
= 21' @ 3250 p s i  X q u a r t e r  s t r o k e  
(6' swash) 
= 26' @ 3250 p s i  X q u a r t e r  s t r o k e  
(6' swash) 
= 1.14% @ 3250 p s i  X zero  s t r o k e  
(3. L 3' swash) 
Timing v a r i e s  au toma t i ca l l y  wi th  p re s su re  and s t r o k e .  
S t roke  i s  c o n t r o l l e d  by modular programmable hydro-computer i n t e g r a t i n g  
m u l t i p l e  i n p u t s  t o  determine pressure/displacement/speed ou tpu t s .  
Timing i s  c o n t r o l l e d  by secondary hydro-computer on t i l t - b o x ,  i n t e g r a t i n g  
system p re s su re  and counter- torque p re s su re  i n  t i l t  box lobe  motor t o  
determine t iming ang le .  Timing ang le  p re s su re  s i g n a l  i s  f e d  back t o  prime 
hydro computer where, by i n t e g r a t i o n  wi th  system p r e s s u r e ,  a  feed-back 
s i g n a l  of s t roke-displacement  i s  provided. 
9/55 PUMP/MOTOR VOLUMETRIC AND SHEAR LOSSES (INTERIM) 
@ l500 RPM @ 3500 p s i  @ 
I tem Nominal 
PO r t f a c e  
Cont ra - th rus t  
Po r t -p l a t e  j ou rna l  
P i s t o n  Cyl inder  
Swash t h r u s t  
S p h e r i c a l  j ou rna l  
Big ends  
L i t t l e  ends 
Spider  J o i n t s  
Swash rocke r  
Timing t h r u s t  
Timing t o rque  
Boost l eakage  
(50 p s i )  
Clearance 
Con t ro l s  requirement  
(600 p s i  @ 49.5%€)  - 
Boost i n p u t  
(50 p s i  @ 12%(2) 
3 microreyn (21  c / s )  
Leakage 
































Dry i n t e r i o r  scavenged by Boost s u c t i o n ,  t h e r e f o r e  no 
T o t a l  l o s s e s  36.12 HP = 1.5% of T h e o r e t i c a l  Power ( c £  
Shear Development 
H. Power P o t e n t i a l  
23.13 HP 
l o s s .  
2.2% i n  9/25 P/M) . 
Compres s ib i l i t y  of Pump d e l i v e r y  recoverab le  i n  like-Motor. 
9/55 PUMP/MOTOR: 197 c i p r  1500 RPM 3200 p s i  a d i f f  = 2391 HP (THEOR.) 
LOSS EXTRAPOLATION 
Volumetr ic  l e a k a g e  does  NOT v a r y  w i t h  dimension EXCEPT i n s o f a r  a s  CLEARANCE 
may a l t e r .  
Tes ted  l e a k a g e  of 9 /25 pump was 0.6 GPM p e r  1000 p s i  
T h e r e f o r e  1.92 GPM @ 3200 p s i  = 4.3 HP = 0.18% of 9 /55  pump 
Assuming 50% c l e a r a n c e  i n c r e a s e  = 14.51 HP = 0.61% 
-1 Rota ry  Shear  Losses  (RSL) v a r y  a s  sire4 X speed2 X Clearance  X 3. 
Speed i s  t h e  i n v e r s e  o f  s i z e  s o  t h a t  Rota ry  Shear  Losses  a r e  
p r o p o r t i o n a l  t o  S i z e  2 
9 / 2 5  pump RSL 2.95 HP ( c a l c )  3.2 HP ( t e s t )  @ 3000 RPM 
T h e r e f o r e  9 / 5 5  pump RSL 11.52 HP ( c a l c )  12.5 HP ( t e s t )  @ 1500 RPM 
S t r o k e  Shear  Losses  v e r y  a s  s i z e 2  X s t r o k e 2  X speed2 X Clearance  -1 
S t r o k e  v a r i e s  w i t h  S i z e ,  b u t  i n v e r s e  t o  speed.  
T h e r e f o r e ,  SSL v a r y  as S i z e  2 
P i s t o n / C y l i n d e r  SSL = 0.637 X 2.22 = 2.06 HP @ 1500 RPM 
1.5 
Big End SSL ( c a l c  X 9) = 0.144 x 9 = 0.86 HP @ 24' & 1500 RPM 
1.5 
S t r o k e  F r i c t i o n  Lossses  v a r y  a s  s i z e 3  x S t r o k e  Angle x Speed x P r e s s u r e  
SFL v a r y  as s i z e 3  X Speed X P r e s s u r e  
L i t t l e  End and S p i d e r  J o i n t s  SFL = 9.12 HP @ 1500 RPM @ 3200 p s i  
TOTAL LOSSES: (Exc l .  C o m p r e s s i b i l i t y  and C o n t r o l )  
Leakage @ + 50% Clearance  = 14.51 HP = 10.82 kW = 0.61% 
Rota ry  Shear  Losses  = 12.5 HP = 9.33 kW = 0.52% 
Pis ton /Cyc l .  Shear  Losses  = 2.06 HP 1.54 kW = 0.086% 
Big End Shear  Losses  = 0.86 HP = 0.64 kW = 0.036% 
L i t t l e  End and S p i d e r  J o i n t  F.L. = 9 .12HP = 6.8 kW ~ 0 . 3 8 1 %  
R I N G  CAM PUMP (DIRECT DAMPING) 
Cam r i n g  i s  b a s i c a l l y  s ing le -p lanar  (0' La t i t ude )  about  a n  a x i s  concen t r i c  
w i th  t h a t  of t h e  c y l i n d r i c a l  enc los ing  c a n i s t e r .  
I t s  O/D i s  inc reased  t o  4500 and I /D t o  4250 w i t h  symmetrical opposed 
camming f a c e s  ( a x i a l )  125 r o l l i n g  width.  It w i l l  have 27 lobes  per  f a c e  
( v s  21 prev ious ly)  each having a min. c r e s t  c u r v a t u r e  of 384 mm. It w i l l  
have a n  i n t e g r a l  outward annular  f l a n g e  40 mm t h i c k  (symmetr ical  about t h e  
r a d i a l  plane)  X 4750 f o r  bushings f o r  50 mm p i n s  t o  t h e  to rque- l ink  
mountings. 
The camming s u r f a c e s  a l l  p r o j e c t  t o  t h e  po in t  where t h e  r a d i a l  plane of 
symmetry meets t h e  l o n g i t u d i n a l  a x i s .  So too  do t h e  r o l l i n g  s u r f a c e s  of t h e  
fo l l ower  r o l l e r s  which have been increased  t o  200 median ( v s  185  previous)  
w i t h  t h e  bear ing  bore now 160 ( v s  150) X 135 long X 32 o f f  per  s i d e .  
The c y c l i c  max l i n e  stress a t  r o l l i n g  c o n t a c t  i s  now 7880 l b / i n  ( v s  4635) 
bu t  t h e  r o l l i n g  v e l o c i t y  i s  now 5.38 f t / s e c  maximum c y c l i c  peak ( v s  18.4).  
The i n c r e a s e  of a c c e l e r a t i o n  loading  due t o  t h e  l a r g e r  d iameter  p i s t o n  
(70  mm v s  50) and conrod i s  n e g l i g i b l e  i n  t h e  p re sen t  con tex t .  The power 
6  s t r o k e s  pe r  c y l i n d e r  i n  25 yea r s  reduces d r a m a t i c a l l y  t o  115.2 X 10 ( v s  
6  
239 X 10 prev ious ly)  and t h e  power s t r o k e s  per  cam lobe  even more s o  t o  
6  6  
4.5 X 10 ( v s  11.38 X 10  prev ious ly) .  
The 70 mm p i s t o n s  X 127 mm s t r o k e  provide a  displacement  of 488.75 c c  
(29.83 cu  i n )  and t h e  r e s i d u a l  c y l i n d e r  head and s l e e v e  volume i s  352.4 c c  
(21.5 c u  i n )  s o  t h a t  t h e  e f f e c t i v e  d i sp lacement ,  a s  reduced by compressi- 
b i l i t y  recovery  i s  dep le t ed  by 1.06% a t  3250 p s i ,  reducing p r o p o r t i o n a t e l y  
w i th  p re s su re .  In  a d d i t i o n  t h e  working f l u i d  i s  compressed 1.47% a s  
d e l i v e r e d ,  bu t  i n  n e i t h e r  ca se  i s  t h i s  a n  energy l o s s .  In any c a s e  t h e r e  
i s  11% redundancy of ring-cam pumping e lements ,  above t h e  a x i a l  motor 
acceptance  a t  r a t e d  power ou tput .  
The cam r i n g s  a r e  tangent - l ink  mounted i n  t h e  enc los ing  c a n i s t e r  and t h e  
pumping e lements ,  r i n g  mains and d i s t r i b u t i n g  connec t ions  a r e  mounted on 
t h e  gyro o u t e r  cage which w i l l  have h igh  gyroscopic  r i g i d i t y  i n  space s o  
t h a t  t h e  duck c a n i s t e r  and cam r i n g  w i l l  have a  to-and-fro r o t a t i o n  about 
t h e  gyro cage a t  a  maximum angular  v e l o c i t y  of 0.75 r ad / sec .  
For t h e  t o t a l  displacement  of 844.6 l i t r e l r e v  t h e  maximum d e l i v e r y  w i l l  
t h e r e f o r e  be  100.87 l i t r e l s e c  f o r  each  cam r i n g ,  o r  201.74 l i t r e s l s e c  per  
gyro o r  403.5 l i t r e / s e c  per  gyro  p a i r  corresponding t o  max. overload output  
which a t  3250 p s i  equa tes  t o  9054 kW (Th) - 2.53% c o m p r e s s i b i l i t y  less 19.4 
kW s u b t r a c t i v e  l o s s e s ,  g iv ing  1761.1 kW n e t t  overload output  t o  t he  
synchronous d r i v e  a x i a l  motor. 
The system boos t  p r e s su re  (50  p s i  max) i s  - no t  s u b t r a c t i v e  from t h e  overload 
o u t p u t ,  bu t  must be s u b t r a c t e d  from t h e  t h e o r e t i c a l  mean power (1811kW- 
1.06%) t o  equa l  t h e  wave i n p u t  power (1792)  -27kW per  gyro p a i r  a s  i t  i s  
o p e r a t i v e  i n  a camming-motor mode i n  t h e  same sense  a s  t h e  duck nod torque .  
The torque  of  t h e  8 r i n g  cam pumps i n  a Duck a t  3250 p s i  equa t e s  t o  a sea- 
s t a t e  to rque  l i m i t  of 0.5 MNm/m over  t h e  45 metres  e f f e c t i v e  l e n g t h  of each 
duck. 
The p a i r  of r i n g  cam pumps on each gyro d e l i v e r s  t o  t h e  p a i r  of a x i a l  
motors d r i v i n g  t h e  gyro and i n  a d d i t i o n  s u p p l i e s  one-half t h e  requirement 
of t h e  s e p a r a t e l y  mounted a x i a l  motor d r i v i n g  t h e  synchronous g e n e r a t o r ,  
bu t  on ly  a t  peak wave power. A s  t h e  wave approaches t h e  n u l l  power c r e s t  
o r  t rough ,  t h e  hydro computer b u i l t  i n t o  each gyro motor reduces s t r o k e  
displacement  of t h e  gyro-motors s o  a s  t o  main ta in  a p r e c i s e  p re s su re  
d i r e c t l y  r e l a t e d  t o  t h e  then ob ta in ing  gyro speed. As  t h e  wave inpu t  
reduces t o  o n e - f i f t h  of maximum, t h e  gyro s t r o k e  displacement  go over- 
c e n t r e  i n t o  t h e  pumping mode, s o  t h a t  when t h e  wave power subs ides  t o  n u l l ,  
each  gyro-motor w i l l  have reached a l i m i t  of one-quarter s t roke-  
displacement  i n  pumping mode, drawing on energy s t o r e d  i n  t h e  gyro ,  be fo re  
t h e  s t r o k e  c y c l e s  back a c r o s s  dead-centre up t o  a maximum motoring s t r o k e  
d i sp lacement ,  t h e  whole cyc l e  occupying c a .  5 seconds o r  half  t h e  wave 
per iod .  
The gyro-motors have au tomat ic  port- t iming c o n t r o l  which ensu re s  t h a t  they  
recover  t h e  c o m p r e s s i b i l i t y  energy i n  t h e  ring-cam pump d e l i v e r y  except  f o r  
a smal l  l o s s  when passing over  c e n t r e  from motoring t o  pumping. The 
gene ra to r  d r i v e  motor i s  f u l l y  co r r ec t ed  over  i t s  e n t i r e  ope ra t i ng  range. 
The ring-cam pumping l o s s e s  a t  max. f r o n t  end (over load)  i npu t  of 90 kW/m, 
amount t o  19.01 kW per gyro. 
GYRO-LOSSES @ 1500 RPM @ 3250 p s i  SYSTEM 
Gyro load  fo l lowing  bear ing :  leakage 2350 p s i  86% e f f i c ,  = 3.36 kW 
Gyro load  r a t e  4 pocke ts :  l eakage  2350 p s i  86% e f f i c .  - 1.23 kW 
Gyro t r a n s v e r s e  load  4 pockets :  l eakage  1300 p s i  70% e f f i c .  = 0.555 kW 
Gyro l o a d ,  r a t e  and t r a n s v e r s e  j ou rna l :  shea r  1500 RPM = 9.51 
Gyro t h r u s t  (one-way) bear ing :  l eakage  600 p s i  49.5% e f f i c .  = 0.52 
Gyro t h r u s t  (one-way) bear ing :  shea r  1500 RPM - 1.96 
T o t a l  l o s s e s  per  one-end bear ings  
T o t a l  bea r ing  l o s s e s  per  Gyro - 
Gyro-drive Axia l  Pump/Motors ( 2 )  c y c l i n g  ( 1  t h r u  - 1/4)  - 
Gyro-drive Axia l  ~ump/Motors (2 )  c o m p r e s s i b i l i t y  remanence = 
Gyro windage and c e n t r i f u g a l  f i l t e r  recovery  - 
On-Gyro educ to r  l o s s e s  inc luded  i n  above - 
Gyro-cage p reces s ion  swive l  bear ings  ( 2 )  l o s s e s  - 
Gyro gimbal-cage suppor t  bea r ings  (2)  l o s s e s  - 
Gimbal-cage Eductor l o s s e s  i n c l u s i v e  - 
Ring cam pumps (2)  l o s s e s  i n c l u s i v e  ( s e e  below) - 
T o t a l  i n c l u s i v e  l o s s e s  per Gyro a t  max. power 
Percentage  l o s s  on 2025 kW i n p u t  = 4.54 
RING-CAM PUMP LOSSES PER GYRO AT 3250 p s i  
P i s t o n l c y l i n d e r  leakage  (128)  
P i s t o n l c y l i n d e r  shea r  
Sphe r i ca l  h y d r o s t a t i c  b i g  end leakage  (128) 
Sphe r i ca l  h y d r o s t a t i c  b ig  end shea r  
Sphe r i ca l  l i t t l e  end leakage  and shea r  
Cam-follower r o l l e r  l eakage  (128) 
Cam-follower r o l l e r  shea r  
Cam-follower l e v e r  p ivo t  l eakage  (128) 
Cam-follower l e v e r  p i v o t  shea r  
Camlrol ler  l o s s e s  
T o t a l  Ring-Cams per Gyro 
SUMMARY 
2  Gyro assemblages @ 91.97 kW 
Generator  d r i v e  motor 
Pipe l o s s e s  
Front  end i n p u t  - 3 duck (max.) 
Conversion e f f i c i e n c y  ( e x c l .  e l e c t r i c s )  
( i i i )  Ring Cam Pumps 
The r i n g  cam pumps a r e  t h e  prime g e n e r a t o r s  of 
h i g h  p re s su re  i n  t h e  h y d r a u l i c  f l u i d .  The 
c y l i n d e r s  a r e  based on those  of t h e  Swashplate 
pump/motor u n i t .  Each c y l i n d e r  i s  provided wi th  
a  p a i r  of poppet type  va lves ,  t h e  i n l e t  one being 
f i t t e d  wi th  a  magnet ica l ly  a s s i s t e d  ope ra t i ng  
c o i l  which i s  energ ised  t o  "enable" t h e  
p a r t i c u l a r  c y l i n d e r  t o  pump. This  makes f o r  a 
' f a i l  s a f e '  arrangement. (Drawing Nos. 10060 and 
10061 r e f e r ) .  Each pumping c y l i n d e r  is  opera ted  
by a  generously propor t ioned  r o l l e r  through a  2 : l  
v e l o c i t y  r a t i o  l inkage .  This  r o l l e r  runs on a 
l a r g e  r i n g  cam of a  type  similar t o  t h a t  used by 
McTaggart Sc o t  t of Edinburgh, on motors supp l i ed  
t o  t h e  Royal Navy amongst o t h e r s ,  whose advice  
has  been sought throughout t h e  design.  
( i v )  Eductor Pumps 
I n  t h e  i n t e r e s t s  of e l i m i n a t i n g  a l l  p o s s i b l e  
moving p a r t s ,  t h e  educ tor  method i s  used t o  
e s t a b l i s h  t h e  va r ious  p r e s s u r e s  r equ i r ed  
throughout t h e  system f o r  s a t i s f a c t o r y  opera t ion .  
A paper  "An In£  i n i t e  L i f e  Multi-Output A n c i l l a r y  
Pump" i s  appended he re to .  
4.5.3. (iv) Cantd../' 
AN INFINITE L I F E  MULTI-CLTPLT ANCILLARY PUMP 
The requirement  f o r  a n  a n c i l l a r y  pumping system, providing 
mu l t i p l e  p r e s s u r e  o u t p u t s  p l u s  suiip scavenging i n  a vacuum 
environment, and having " i n f i n i t e "  l i f e ,  a b s o l u t e  r e l i a b i l i t y  
and zero  maintenance, could  only be  m e t  by u t i l i s i n g  the educ to r  
o r  jet pump p r i n c i p l e .  
Adoption of  a mul t i - s tage  feed-back se l f -enve loping  des ign ,  
backed by an e a s i l y  understood mathematical des ign  method, meets 
a l l  requirements  w i t h  the added advantage of minimal bulk and 
low manufacturing costs. 
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PREFACE 
The atterr.?t t o  provi5e 25 year maintenance-free r e l i a b i l i t y  o f  t h e  .j:,.r-,- 
h y d r a u l i c  power conversion system adopted f o r  harness ing  wave energy r e sou rces  
by means o f  nodding ducks,  a f f e c t s  n o t  only the high-pressure hyd rau l i c  
punping equipments, b u t  makes e q u a l l y  high demands on a l l  a n c i l l a r i e s  and 
subsystems. 
T h i s  is e s p e c i a l l y  t r u e  of  t h e  a n c i l l a r y  p re s su re  s u p p l i e s  f o r  bea r ings ,  
h y d r a u l i c  c o n t r o l s ,  c i r c u i t  loss make-up and boos t ,  and f o r  sump scavenging 
i n  t he  vacuum environment.  Th i s  note d e s c r i b e s  t h e  s o l u t i o n  adopted a f t e r  an 
assessment  of every p o s s i b l e  a 1  t e r n a t i v e  con f igu ra t i on .  
"SOLID STATE" EDUCPOR PUMPING SYSTEMS 
Where a n c i l l a r y  pumping systems a r e  handl ing  only  smal l  amounts o f  power 
e f f i c i e n c y  becomes less accountab le  than  l i f e ,  r e l i a b i l i t y  and maintenance. 
Eductor pumps, the p r i n c i p l e  o f  which should be  b a s i c a l l y  f a m i l i a r  t o  
most o f  us  f r a n  o u r  e a r l y  Chemistry l a b  exper ience  o f  tap-water powered 
evacua to r s ,  have no moving p a r t s  whatsoever and a r e  v i r t u a l l y  unchokable, 
hence their use a s  sand and s l u r r y  pumps and f o r  handl ing b i l g e  and sewage. 
I f  t o  t he se  c h a r a c t e r i s t i c s  w e  can add minimum bu lk ,  a s i n g l e  h y d r a u l i c  
power i n p u t ,  m u l t i p l e  o u t p u t s  and a scavenging i n t a k e ,  and unmachined die- 
c a s t  manufacture,  who i s  going to argue about  a few percentage  p o i n t s  o f  
overall system e f f i c i e n c y .  
2 . 1  P r i n c i p l e  of t h e  Eductor o r  Jet Pump 
The term eductor  or  jet  pump* d e s c r i b e s  a pump having no moving p a r t s  
and u t i l i s i n g  f l u i d s  i n  motion under c o n t r o l l e d  cond i t i ons .  ~ ~ e c i f i c a l  y l y  , 
motrve power is  provided by a h i g h  p r e s s u r e  stream of f l n i d  d i r e c t e d  t h r o ~ g h  
* A. M .  JUMPETER: J e t  Pumps: Pump Hancibook: McGraw-Hill 
a r , c - z l e  &S; 2 n d  EJ p r c j - z e  t5.3 hl;.;t.s: p ~ s k l ~  ';el:z:ty. 3 2  rcsd:y2:-: 
j e t  of high-ve1ociY~ f l u r d  c rea tes  a low-press~re  area s ~ r r o u r ~ d i n g  i t  sa-S:-.; 
the  secondary o r  suct lon f l u i d  t o  be ind2ced and accelerated i n  a  conveqe:.~ 
t r a c t  t o  join with and be en t ra ined  by the j e t  before nore in t rmate  mix1r.g 
i n  the  t h r o a t  t r a c t .  
I d e a l l y  there  i s  an exchange o f  momentum i n  the process producing a 
uniformly mixed stream t r a v e l l i n g  a t  a high veloci ty  i n t e m e d i a t e  t o  the  
motive and induced flow v e l o c i t i e s .  A divergent  d i f f u s e r  t r a c t  is shaped 
t o  reduce the  t h r o a t  ve loc i ty  gradual ly  and convert the  momentum energy 
back i n t o  pressure  a t  the  discharge end with a s  l i t t l e  l o s s  a s  poss ib le .  
The four bas ic  p a r t s  o f  an eductor  a r e  the  nozzle, the  inducer/entraim,ent  
t r a c t ,  t he  t h r o a t ,  and the  d i f f u s e r  divergence (see Fig 1). 
I f  two eductorrs  a r e  s t aged  i n  s e r i e s ,  e f f i c i ency  can be improved sub- 
s t a n t i a l l y  by t r a n s f e r r i n g  the  suc t ion  in take  t o  the second s t a g e  inducer 
and feeding the  f i r s t  s t age  inducer by a measure of r e c i r c u l a t i o n  from the 
second s t age  o u t l e t .  However, t h e  r e c i r c u l a  t ion  connection should be a s  
s h o r t  as poss ib le ,  with a s  l a r g e  a bore o r  sec t ion  a rea  a s  poss ib le  t o  
minimise the  flow t ransference  losses .  
MULTI-STAGING EDUCTOR PUMPS 
Ins tead of operat ing i n  p a r a l l e l  t o  provide mul t ip le  output  se rv ices ,  
eductors  can be staged i n  s e r i e s .  But t h i s  becomes unwieldly with l o t s  of  
inter-connections and worsening of e f f i c i e n c i e s  due t o  the  mult i tude of 
long flow paths .  
By adcpting a "coaxial"  envelopment configurat ion i n  which each press-ze 
s tage  is  enclosed by the next  lower pressure s tage  which provides i t s  r e -  
c i r cu la to ry  "induced" flow, as well  a s  a se rv ice  o u t l e t  connection and t h e  
nozzle input  powering the e n c i r c l i n g  next  lower s t a g e ,  the outermost s taqc 
induces d i r e c t l y  from the sump i n  which the  e n t i r e  assenbly is irrnerse? sc  
sno~rea a- ~JTM paaaord oq a~q~ssod S? qt suoTqaunj ktaaoaar arnssaxd 
pue 6u~x~m a- go 2nd e axe qa~qn asoqq u~qq raqqo sassol ~0~3 hpunoq
C a l a L a t i m  Areas 
The c a l c u l a t i o n s  w i l l  be d iv ided  i n t o  s i x  a r e a s ,  
( 1)  Flu id  v e l o c i t i e s  
( 2 )  Flow r a t e s  
( 3 )  Induced flow convergence a c c e l e r a t i o n  
( 4 )  Dif fuse r  d ivergence  d e c e l e r a t i o n s  
( 5 )  Non-contributory boundary flow l o s s e s  and i n s t a b i l i t i e s  
(6) E f f i c i e n c y / l i  f e / c o s t  e v a l u a t i o n  
I n  t he se  c a l c u l a t i o n s ,  f l u i d  p r e s s u r e s  (P s u f f i x )  a r e  l b s / s q  i n s ;  
f lows (0 s u f f i x ,  N s u f f i x  and R s u f f i x )  a r e  cu i n / s ec ;  v e l o c i t i e s  ( V  s u f f i x )  
a r e  f t / s e c ;  g r a v i t y  a c c e l e r a t i o n  (g) and o t h e r  a c c e l e r a t i o n s  ( A  s u f f i x )  a r e  
2 
f t / s e c  ; f l u i d  d e n s i t y  ( W )  is 56lb/cu f t  f o r  hyd rau l i c  o i l ,  v i s c o s i t y  is 
neglec ted  a s  be ing  e f f e c t i v e l y  i r r e l e v a n t  f o r  h y d r a u l i c  o i l s .  
2.1 F lu id  flow v e l o c i t i e s  
Although r e f e r r e d  to  a s  "flow v e l o c i t i e s " ,  t h e s e  a r e  i n  no way r e l a t e d  
fm flow r a t e s ,  be ing  e n t i r e l y  a func t ion  o f  combinations o f  p r e s s u r e  in f luenced  
a c c e l e r a t i o n s  o f  t h e  f l u i d  w i t h  d e n s i t y  and g r a v i t y  c o r r e c t i o n s  which f o r  our 
p u r p s e s  are assumed cons t an t .  
Thus: V nozz le  = / = 12.87 JPn-Pr 
V t h r o a t  = /Z88g'Po - = 12.87 G 
W 
But P r  i s  r e c i r c u l a t e d  from n e x t  lower s t a g e  and PO is i d e n t i c a l  with 
nozz le  p r e s s u r e  of fo l lowing  s t a g e  t h e r e f o r e  
fo r  the f i r s t  s t age  Vn1 = 12.87v'~n - F? 
and Vtl = 12.87- 
f o r  the  second s t a g e  Vn2 = 12.87- 
and Vt2 = 12.87- 
f o r  t h e  t h i r d  s t a g e  Vn3 = 12.87- 
and Vt3 - 12.87- 
where Pn is the  pressure  from the primary power source and P4 i s  the  l o w  
pressure infeed o r  scavenging head: a l s o  Vnx is the  s t age  nozzle ve loc i ty  
( f t / s e c )  and V t x  is t h e  s t age  t h r o a t  ve loc i ty  ( f t / s e c ) .  
The number o f  s t ages  need n o t  be l imi ted  t o  the  three  s t ages  of the  
example which is  i n d i c a t i v e  of  the  app l i ca t ions  f o r  which it appears t o  o f f e r  
the  only so lu t ion .  
4.2.2 Fluid flow r a t e s  
As t h e  s t age  output  flow rates (0 1 ' 02, 0 1 a t  pressures  P 3 l,' P2' P3 
are s p e c i f i e d ,  it is only necessary to  a s c e r t a i n  t h e  inpu t s ,  N1 from the  
primary hydrau l i c  power source wi th  a p ressure  Pn, and N4 from the  low 
pressure in feed  or  sump scavenge a t  pressure  P before  determining the  
4 ' 
r e c i r c u l a t o r y  and d i f f u s e r  flows. - 

4 . 2 . 3  Converqerce acce l e ra t ions  
Having deduced a l l  t h e  flow r a t e s ,  these  have t o  have each flow 
a c c e l e r a t e d  t o  a s z e c i f i c  v e l o c i t y ,  t he  nozzle o r  i n j e c t e d  flows being less 
c r i t i c a l  than the  r e c i r c u l a t o r y  o r  induced flows. 
Nozzle a r eas ,  whether jet bore o r  annular ,  a r e  obtained from t h e  
nozzle  flow r a t e  (cu in / sec )  d iv ided  by t h e  nozzle v e l o c i t y  ( i n s / s e c ) ,  
and convergence can be q u i t e  b l u n t .  However, t h e  nozzle  length  is more 
o f t e n  determined by t h e  demands o f  t h e  surrounding induced flow and by t h e  
d e s i g n e r s  n a t u r a l  tendency t o  ba lance  up t h e  o v e r a l l  l engths  t o  opt imise 
product ion .  
The a c c e l e r a t i o n  of the induced flow is l a r g e l y  dependent upon t h e  
f o r c i n g  p re s su re  of  t he  s t a g e  o u t p u t  from which it is  der ived .  Where t h i s  
fo rc ing  p re s su re  i s  h igh  t h e  flow a c c e l e r a t i o n  can be  high and the convergence 
accomplished over  a s h o r t  t r a c t  l eng th .  However, i f  t h e  induced flow t o  t h e  
l a s t  s t a g e  is  from a very  l o w  p re s su re  source o r  worse s t i l l ,  from a sump 
s u b j e c t  t o  a nea r  abso lu t e  vacuum ambience, t he  induced flow forc ing  head 
is almost  e n t i r e l y  determined by the depth of  sump f l u i d  above t h e  very 
c a r e f u l l y  designed educ to r  i n t a k e .  
The t r a c t  convergence then  becomes c r i t i c a l  wi th  only a smal l  p a r t  of 
the flow a c c e l e r a t i o n  t ak ing  p l ace  i n  t h e  induct ion  t r a c t ,  and most o f  the 
work be ing  done by the  nozz le  f low v e l o c i t y  energy t r a n s f e r .  Th i s  is  
a s s i s t e d  by t h e  l a r g e  d iameter  annu la r  nozzle  p r o j e c t i n g  a j e t  shee t  a t  a n  
ang le  outward from the  t r u e  a x i s  such t h a t  t h e  s i n e  of  t h e  angle  t imes 
nozz le  flow r a t e  t i m e s  nozz le  v e l o c i t y  squared approximately equa l s  t he  s i n e  
of t he  inf low angle t i m e s  t h e  induced flow times t h e  square of  t he  te rmina l  
convergence v e l o c i t y  be fo re  meeting t h e  nozzle  flow. 
4 . 2 . 4  6iver;?r.:e decc l e r a t l c n s  
The l a r g e  diameters of  the lower s t aqes  allow of  rni-~-.3l l e n g t h  par3llel 
n ix ing  t r a c t s  s i z e d  f o r  convenience r a t h e r  than f o r  p r e c i s e  cslculatec? iengt ,h ,~ .  
However, t h e  d ivergent  d i f f u s e r  t r a c t s  a r e  c r i t i c a l  i n  r e l a t i o n  to  t h e  i n i t i a l  
flow breakaway angle which can be  l a t e r  increased  a s  t h e  expanding flow 
reduces i n  v e l o c i t y ,  u n t i l  t h e  r a t i o  of  t he  t r a c t  s e c t i o n  a r e a  a t  t h e  l i n i t  
o f  divergence t o  t h a t  a t  t h e  commencement of divergence is  equal  t o  the  
i n v e r s e  v e l o c i t y  r a t i o ,  t e rmina t ing  a t  l e s s  than 15 f t / s ec  corresponding t o  
the s t a g e  o f f t a k e  p ipe  flow v e l o c i t y .  
T h e o r e t i c a l l y  a case  can be  made f o r  an exponent ia l ly  i nc reas ing  
divergence f l a r e  from t h e  p a r a l l e l  t h r o a t  t o  t h e  l i m i t  of divergence, b u t  
f o r  a l l  p r a c t i c a l  purposes a two segment divergence i s  not  measurably less 
e f f i c i e n t ,  p a r t i c u l a r l y  i f  t h e  breakaway angle  junc t ions  a r e  "softened" a f t e r  
manufacture and in spec t ion .  
1.3 An Example o f  3-Stage Eductor Design 
F ig  3 shows an  enveloping 3-stage eductor  pump providing t h r e e  ou tpu t s  
o f :  - 1 s t  s t a g e  10 c . i . p . s  a t  1600 p.s.i.  f o r  gyro cage bear ings ;  2nd s t a g e  
5 c . i .p . s .  a t  400 p . 9 . i .  f o r  c o n t r o l s ;  3rd s t a g e  110.5 c . i . p . s .  a t  60 p . s . i .  
f o r  c i r c u i t  b o o s t ,  h e a t  exchange and s i g n a l l i n g .  
The systems p re s su re  powering t h e  eductor  1 s t  s t a g e  nozz le  i s  3150 p . s . i . ,  
and t h e  sump scavenge inf low h a s  only  14" head of f l u i d  ($p . s . i . )  t o  fo rce  
induc t ion  and convergence a c c e l e r a t i o n  from t h e  sump vacuum environment. 
By s u b s t i t u t i o n  i n  t h e  equa t ions  of  7 .2 .2 ,  i t  w i l l  be found t h a t  t h e  
primary i n p u t  i n t o  the  1 s t  s t a g e  nozz le  w i l l  be 31.57 c . i . p . s .  and the 
nozzle  v e l o c i t y  675 f t / s e c :  which i s  more than twice the  3rd s t a g e  nozz le  
v e l o c i t y  of  259  f t / s e c  which must mix energy wiL? a scavezge flow of 93 c ,  i.2. s 
having a t e r x i n a l  convergence v e l o c i t y  of only 8 . 5 f t / s e c  when i t  meets t h e  
nozzle  flow. 
As t h i s  scavenge inf low t e rmina l  momentum is  seve ra l  o r d e r s  o f  magnitude 
l e s s  than  the  sma l l e s t  worthwhile nozzle  d e f l e c t i o n  momentum, t h e  outward 
d e f l e c t i o n  angle of  t h e  nozzle  s h e e t  w i l l  be l imi t ed  t o  t he  boundary flow 
breakaway angle corresponding t o  t h e  nozzle  ve loc i ty .  
The o v e r a l l  a x i a l  l ength  o f  t he  enveloping eductor  is  determined by t h e  
1 s t  and 3rd  s t ages ,  and t h e  c o s t  i n  terms o f  e f f i c i e n c y  l o s s  i n  compromising 
t h e  2nd s t a g e  nozzle/ inducer  l eng th  is n e g l i g i b l e .  
The e f f i c i e n c y  o f  t h e  f i r s t  s t a g e  i s  72%, of t h e  2nd s t a g e  37%, and of 
t h e  3rd s t a g e  20%: The o v e r a l l  powered pumping e f f i c i e n c y  is 25%, with  t h e  
e x t r a  advantage of  scavenging 94 c . i .p . s .  from t h e  near  vacuum sump. 
I t  is important  t h a t  t h e r e  should  be no p o s s i b l e  r i s k  of  any o r i f i c e  
becoming clogged. The c e n t r a l  nozz le  is .071" d i m .  The second s t a g e  
annular  c learance  is  .009" over  a 3" p e r i p h e r a l  l ength .  The t h i r d  s t a g e  
c learance  i s  .040" over  5%" per iphery .  These dimentions provide  a generous 
s a f e t y  margin. 
ONE OR A MILLION - EASE OF PRODUCTION 
With t h e  design made easy ,  and t h e  main body and enveloped eductors  
s imple lathe-work, "one-offs" are no problem except  f o r  the  end-cover o f f t a k e s .  
A t  the o t h e r  product ion extreme, a l l  t h e  eductor  elements a r e  p l a i n  d ie -  
c a s t i n g s  wi th  the  except ion o f  t h e  end-cover o f f t a k e s  which i n  any case  
a r e  p a r t i c u l a r  t o  a p p l i c a t i o n .  Assembly a l s o  is  s t r a igh t fo rward  and lends 
i t s e l f  t o  automatic  handl ing.  
Z-,e n a t e r i a l s  of manufacture w i l l  a l z o s t  c e r t a i n l y  be d i e c 3 s t  Al,z?i:::.,~ 
a i l o y s ,  (except ing  the high p r e s s u r e  i n p u t  nozzle  and the  t h r e e  t i e - b o l t s  \ . 
h e y  w i l l  be po l i shed  and anodised a t  a l l  t he  i n t e r n a l  t r a c t  s u r f a c e s  t o  
minimise boundary l o s s e s ,  and they may most convenient ly  be cen t r ed  one wi th in  
t h e  o t h e r  by l i g h t  a l l o y  r i v e t  heads i n  t r i p l i c a t e .  The u n i d i r e c t i o n a l  t h r u s t  
on the  two i n n e r  concen t r i c  e lements  can be loca ted  on small  t r i p l i c a t e d  
c a s t e l l a t i o n s  a t  the c o u n t e r t h r u s t  end. 
CONC LUS I ONS 
I t  h a s  been p o s s i b l e  t o  des ign  t o  a proven formula a r e c i r c u l a t o r y  mul t i -  
s t a g e  educ tor  a n c i l l a r y  pumping system powered from t h e  pr imary p re s su re  source  
and provid ing  t h r e e  i n t e rmed ia t e  p r e s s u r e  s e r v i c e s  t o g e t h e r  wi th  sump scavenging 
from n e a r  a b s o l u t e  vacuum. ' 
Calcu la t i on  of  the flow r a t e s ,  a c c e l e r a t i o n s  and v e l o c i t i e s  has been 
reduced t o  s imple  formulae,  as have t h e  r e c i r c u l a t o r y  i n d i c e s  and o v e r a l l  
e f f i c i e n c i e s  which inc lude  n o t  on ly  the pumping e f f i c i e n c i e s  b u t  a l s o  t h e  
d r i v i n g  a f f i c i e n c i e s  and t h e  g r a t u i t i o u s  scavenging o f  the vacuous sump. 
There is no requirement  f o r  maintenance, r e l i a b i l i t y  is abso lu t e ,  and 
l i f e  i n f i n i t e .  


Contro l  Mechanisms 
The whole f i e l d  of Cont ro l  Engineer ing has  
r a p i d l y  advancing techniques  developing wi th  new 
dev ices  appearing almost  d a i l y .  A s a t i s f a c t o r y  
method of c o n t r o l  could obviously be devised,  
i n t e r f a c i n g  e l e c t r o n i c s ,  hyd rau l i c s  and 
mechanical i n t e r f a c e s  u s ing  today ' s  techniques.  
The team f e e l s ,  however, t h a t  d e t a i l  des ign  of 
such a s p e c t s  of t h e  duck power conversion should 
n o t  be undertaken t o o  e a r l y .  
4.5.5 Condit ion Monitoring 
This  comes under two sub-headings:- 
a )  t h e  s ea  cond i t i on ,  and 
b)  t h e  cond i t i on  of i n d i v i d u a l  components. 
For a ) ,  t h e  duck w i l l  be f i t t e d  w i th  s u i t a b l e  
acce le rometers  wi th  e l e c t r o n i c  analogue o r  
d i g i t a l  ou tput  f ed  t o  a mini-computer s o  t h a t  a l l  
t h e  necessary  changes t o  o p e r a t i o n  a r e  automatic.  
The cond i t i on  of each of t h e  vu lnerab le  
components i n  t h e  power cha in  w i l l  be c o n t i n u a l l y  
monitored wi th  au tomat ic  removal from s e r v i c e  i f  
f a u l t y .  
For  b) ,  e s s e n t i a l  in format ion  w i l l  be f ed  t o  an  
on-board computer wi th  a  s u i t a b l e ,  probably 
d u p l i c a t e d ,  l i n k  ashore.  This  l i n k  could be 
f i b r e - o p t i c s  o r  r ad io ;  t h e  former being p re fe r r ed  
a s  e x t r a  co re s  i n  t h e  power c a b l e s  t o  minimise 
i n t e r f e r e n c e .  Mul t ip lex ing  of s i g n a l s  would be 
employed t o  keep t h e  number of such l i n k s  down. 
The computer w i l l  be i n t e r r o g a t e d  by t h e  s h o r e  
s t a t i o n  a s  a m a t t e r  of r o u t i n e ,  w i t h  a  p r i o r i t y -  
o v e r r i d e  on any c a t a s t r o p h i c  changes i n  
c o n d i t i o n .  Such t e c h n i q u e s  a r e  i n  u s e  today.  
Tomorrow's equipment w i l l  be v e r y  r e l i a b l e .  
4.5.6 I n s t a l l a t i o n  
The s p i n e  and t h e  duck a r e  t o  be c o n s t r u c t e d  
s e p a r a t e l y  and mated i n  s h a l l o w  wate r .  The 
s t r i n g  w i l l  be b u i l t  up i n t o  a 1 Km l e n g t h  f o r  
tow o u t  t o  t h e  i n s t a l l a t i o n  s i t e .  
The s t r i n g  w i l l  be jo ined  t o g e t h e r  by t h e  u s e  of 
3 Hydrau l ic  La tches  e q u a l l y  spaced around t h e  
c i rcumference  of t h e  mat ing f l a n g e .  Each s e c t i o n  
w i l l  have t h e  male l a t c h e s  a t  one end and female  
l a t c h e s  a t  t h e  o t h e r  end,  s o  t h a t  i f  d u r i n g  t h e  
l i f e  of t h e  d e v i c e  i t  i s  r e q u i r e d  t o  remove one 
s e c t i o n ,  t h e  l a t c h e s  can be h y d r a u l i c a l l y  
r e l e a s e d ,  t h e  s p i n e  d r i v e n  a p a r t ,  and t h e  s e c t i o n  
towed o u t  f o r  r e p a i r  o r  maintenance a s  r e q u i r e d .  
A l l  t h e  s e c t i o n s  a r e  t o  be towed o u t  complete 
w i t h  i n d i v i d u a l  moorings s towed,  ready t o  be 
deployed a t  t h e  i n s t a l l a t i o n  s i t e .  
4.5.7 I n s h o r e  Assembly Procedure  
( i )  The s p i n e  and t h e  duck a r e  t o  be towed t o  
a  s h e l t e r e d  s h a l l o w  w a t e r  s i t e .  
( i i )  The s p i n e  and t h e  duck a r e  t o  be 
p o s i t i o n e d  by t h e  t u g s  s o  t h a t  t h e y  a r e  
i n  t h e  c o r r e c t  o r i e n t a t i o n  f o r  t h e  mate. 
( i i i )  A d i v e r  w i l l  be deployed from t h e  Dive 
s u p p o r t  Vesse l  and t a k e  t h e  l i n e  t h a t  h a s  
been p r e v i o u s l y  a t t a c h e d  t o  t h e  duck 
r e t a i n i n g  s t r a p ,  and connect  i t  t o  a  l i n e  
f rom t h e  winch t e m p o r a r i l y  mounted on t h e  
duck. When t h e  two l i n e s  have been 
j o i n e d  t h e  winch w i l l  h a u l  i n  t h e  l i n e  
p u l l i n g  t h e  r e t a i n i n g  s t r a p  w i t h  i t .  
( i v )  When t h e  s t r a p  i s  i n  p o s i t i o n  i t  w i l l  be 
s e c u r e d  on a duck and t h e  winch w i l l  be 
removed f o r  use  on a n o t h e r  duck and 
s p i n e .  
( V >  The end f l a n g e  of e a c h  segment w i l l  be 
p r e c a s t  w i t h  t h r e e  e q u a l l y  spaced 
r e c e s s e s ,  e a c h  a b l e  t o  a c c e p t  a  36" d i a .  
h y d r a u l i c a l l y  a c t u a t e d  l a t c h i n g  
mechanism. On t h e  f l a n g e s  t h a t  house t h e  
female  h a l f  of t h e  h y d r a u l i c  l a t c h e s ,  t h e  
f l a n g e  w i l l  be equipped w i t h  a p r e c a s t  
wear t u b e  t o  accommodate t h e  p u l l - i n  l i n e  
f o r  assembly and i n s t a l l a t i o n .  Each 
segment w i l l  a l s o  be equipped w i t h  a  
p u l l - i n  winch. The winch w i l l  be l o c a t e d  
d i r e c t l y  benea th  a n  a c c e s s  h a t c h  s o  t h a t  
i t  can be removed and re-used i n  a n o t h e r  
s e c t i o n .  
( v i i )  The f l a n g e  w i t h  t h e  female  h a l f  of t h e  
l a t c h  w i l l  have a p u l l - i n  l i n e ,  pre- 
t h r e a d e d  th rough  i t s  wear tube .  
The f l a n g e  w i t h  t h e  male h a l f  of t h e  
l a t c h  w i l l  be equipped w i t h  a s h o r t  pu l l -  
i n  l i n e .  
A d i v e r  w i l l  be deployed from t h e  Dive 
Support  Vesse l  t o  j o i n t  t h e  two p u l l - i n  
l i n e s  t o g e t h e r .  
( v i i )  The p u l l - i n  l i n e s  w i l l  be pu t  under 
t e n s i o n  as t h e  two s e c t i o n s  come t o g e t h e r  
and t h e  h y d r a u l i c  l a t c h e s  dock. The 
l a t c h  h y d r a u l i c s  w i l l  be a c t u a t e d  from a 
remote s t a t i o n  on t o p  of t h e  s p i n e .  
( v i i i )  A f a c i l i t y  i s  t o  be p rov ided  t o  dewate r  
t h e  vo id  space  between t h e  s p i n e s  p r i o r  
t o  opening t h e  w a t e r t i g h t  bulkheads.  
( i x )  When a l l  10 segments have been j o i n e d  t o  
form a  1 Km s t r i n g  t h e  tow w i l l  commence. 
4.5.8 Towing Procedure  
Vessels/towing-gearlsurvey equipment w i l l  c o n s i s t  
of :- 
1 deep s e a  t u g  22000 IHP 176 t o n  b o l l a r d  
p u l l .  
1 a s s i s t i n g  deep s e a  t u g  8000 IHP 96 t o n  
b o l l a r d  p u l l .  
1 e s c o r t / s u r v e y  v e s s e l  
A l l  t h r e e  v e s s e l s  w i l l  be equipped w i t h  a  
n a v i g a t i o n  package f o r  p o s i t i o n i n g  t h e  ducks. 
Towing g e a r  t o  be c a r r i e d  on t h e  ocean go ing  
tugs: -  
1 towing lug 500t breaking strength 
1 X 60m long pennant 500t breaking load 
3" dia. 
3 100 t shackles 
1 double towing nylon 60 - lOOm long 16" 
circumference. 
The tugs will carry a complete back-up in event 
of an emergency. 
Other equipment will consist of:- 
1 air tugger winch to handle pennant wires 
1 pick-up line for transfer of emergency 
pennant from the tow 
1 X 1" dia. wire for the recovery of broken 
lines from the deck to the outboard end 
of the pennant. 
Navigation lights to comply with maritime 
regulations 
The string will be equipped with a 
suitable towing or pushing attachment. 
The position of the attachment will be 
determined by model testing. 
The draft of the tow will be adjusted to 
suit the requirements of the towing 
contractors. 
A complete survey of the mooring location 
and the towing route is to be carried out 
prior to the commencement of the tow out 
of the first string of ducks. 
( i v )  From t h e  c a l c u l a t i o n  of t h e  d r a g  on t h e  
duck and s p i n e  assembly,  t h e  maximum 
towing speed h a s  been e s t i m a t e d  a t  2 - 3 
Knots w i t h  a  l O O t  b o l l a r d  p u l l .  
On a r r i v a l  a t  t h e  i n s t a l l a t i o n  s i t e  t h e  
towing c o n f i g u r a t i o n  w i l l  be a s  fol lows:-  
- t h e  main t u g  on t h e  main tow l i n e  
- t h e  e s c o r t  v e s s e l  and a s s i s t i n g  t u g  on 
t h e  s t e r n  pennant  l i n e s .  
(V)  The f i r s t  s t r i n g  of ducks t o  be towed o u t  
w i l l  be moored. 
( v i )  A s u r f a c e  swimmer w i l l  be deployed t o  
connect  t h e  pre- threaded l i n e  from t h e  
female  f l a n g e  t o  t h e  l i n e  from t h e  male 
f l a n g e .  
( v i i )  Hydrau l ic  h o s e s  w i l l  be connected t o  t h e  
remote h y d r a u l i c  p a n e l  on t h e  s p i n e .  
( v i i i )  The p u l l - i n  l i n e s  w i l l  be put  under 
t e n s i o n  and t h e  two segments w i l l  be 
p u l l e d  t o g e t h e r .  
The a s s i s t i n g  t u g  w i l l  remain on t h e  
s t e r n  l i n e  t o  c o n t r o l  t h e  a n g l e  of t h e  
p u l l - i n .  
A s  t h e  h y d r a u l i c  l a t c h e s  mate t h e  
h y d r a u l i c s  w i l l  be a c t i v a t e d  t h u s  l o c k i n g  
t h e  l a t c h i n g  mechanisms. 
(ix) The assisting tug will disconnect the 
stern line. 
The void space between the segments will 
be dewatered before opening the 
watertight bulkheads to make the 
electrical connections. 
4.6 Moorings 
4.6.1 Rodes and End Connections 
Because of the low and constant tensions in the 
rodes brought about by the system adopted for the 
duck, no special technology is required to ensure 
a long lasting installation. Parafil, or PVC 
coated steel wire rodes will be used with chain 
link end connections as recommended by British 
Ropes. 
4.6.2 Sea Bed Anchorages 
The loads permit the use of 'clump' anchors, 
weighing about 120 tonnes (downstream and 400 
tonnes upstream). There will be two such anchors 
per duck, one upstream and one downstream. The 
use of such anchors is almost independent of the 
sea-bed conditions; however, where circumstances 
permit a modified Bruce anchor will be 
considered. 
4.6.3 Other Details 
The mooring system envisaged uses additional 
buoys and sinkers. These will be of conventional 
manufacture although the team are examining the 
possibility of using concrete as the main 
material of manufacture. Care will be taken with 
the attachment system to avoid excess bending in 
the rodes. 
4.6.4 I n s t a l l a t i o n  of t h e  Moorings 
The moorings a r e  t o  be stowed on t h e  s t r i n g  of 
ducks  p r i o r  t o  t h e  tow o u t .  
The moorings w i l l  c o n s i s t  of a  60 mm, PVC c l a d ,  
g r e a s e  packed w i r e  r o p e ,  a  clump weigh t ,  subsea  
buoy and s i n k e r .  A P a r a f i l  a l t e r n a t i v e  w i l l  a l s o  
be cons idered .  
The moorings w i l l  be made up t o  t h e  r e q u i r e d  
l e n g t h s  and be s h a c k l e d  t o  t h e  mooring p o i n t  on 
t h e  s p i n e .  The clump weight  w i l l  be  lowered t o  
t h e  seabed by t h e  c r a n e  on t h e  Dive Support  
Vesse l .  An R.O.V. s u r v e y  f o l l o w i n g  deployment 
w i l l  be r e q u i r e d .  
S E C T I O N  5 
R E L I A B I L I T Y  A N D  L O S S E S  
D U E  T O  B R E A K D O W N  
5. RELIABILITY AND LOSSES DUE TO BREAKDOWN 
5.1 On Board Systems 
5.1.1 Mechanical Components 
A l l  t h e  mechanical components w i t h i n  t h e  power 
c a n i s t e r  have, probably, b e t t e r  working 
cond i t i ons  than  almost any o t h e r  engineer ing  
i n s t a l l a t i o n .  They ope ra t e  i n  a  s ea l ed  non- 
c o r r o s i v e ,  non-oxidising, low p re s su re  
environment s p e c i f i c a l l y  t o  ensure  long l i f e .  
A l l  bear ings  a r e  t o  be of t h e  h y d r o s t a t i c  type  
w i t h  t h e  s o l e  except ion  of t h e  l i n e  con tac t  
between t h e  cam fo l lower  r o l l e r s  and t h e  r i n g  cam 
su r f ace .  Here t h e  fo l lower  r o l l e r  i s  generously 
propor t ioned  s o  a s  t o  keep Her t z i an  s t r e s s e s  low 
enough t o  ensure  l e s s  t han  10% f a i l u r e  over  100 
years .  (About 1 /6 th  of t h e  s t r e s s  used by 
B r i t i s h  Rai l . )  
I n  t h e  ca se  of t h e  r i n g  cam pump i t  should be 
noted t h a t  t h e  number of pumping c y l i n d e r s  
provided i s  some 11% over t h e  peak requirement.  
The c o n t r o l  system works by "enabling" t he  
c y l i n d e r s ;  any damaged c y l i n d e r  o r  mechanism 
being au toma t i ca l l y  l e f t  inoperab le .  It should 
a l s o  be noted t h a t  even t h e  c a t a s t r o p h i c  f a i l u r e  
of one complete power c a n i s t e r  w i l l  only reduce 
t h e  output  of t h e  s t a t i o n  by 0.1% of r a t e d  power 
- a  f i g u r e  e a s i l y  made up by a  smal l  i n c r e a s e  i n  
ou tput  of hea l thy  u n i t s .  
The team h a s  r e j e c t e d  pumps w i t h  moving p a r t s  
where p o s s i b l e  and a r e  p ropos ing  e d u c t o r  pumps 
f o r  e s t a b l i s h i n g  t h e  v a r i o u s  f lows  and p r e s s u r e s  
r e q u i r e d  ( s e e  4.5.3 ( i v )  page 149, and drawing 
numbers 10080 and 10081). 
F a i l u r e  of a  s e c t i o n  of t h e  compl ian t  s p i n e  j o i n t  
(e.g.  t h e  f a i l u r e  of a  h y d r a u l i c  ram) w i l l  a l l o w  
t h e  j o i n t  t o  swing f r e e l y .  S i n c e  bo th  s i d e s  of 
e a c h  j o i n t  a r e  s e p a r a t e l y  moored, o n l y  a  l o s s  of 
e f f i c i e n c y  w i l l  be s u f f e r e d  by t h e  a f f e c t e d  
ducks.  The u n l i k e l y  f a i l u r e  of a  Hookes j o i n t  
would be more s e r i o u s  i n  t h a t  i t  would a l l o w  t h e  
s p i n e  t o  a c t u a l l y  p a r t ,  whereupon heavy s e a s  
c o u l d  i n c r e a s e  damage by b a t t e r i n g  t h e  two h a l v e s  
t o g e t h e r .  Th i s  can l a r g e l y  be avo ided  by 
s p l a y i n g  t h e  end moorings,  t h u s  a p p l y i n g  a s l i g h t  
t e n s i o n  t o  t h e  s t r i n g .  Wide t a n k  t e s t i n g  
c o n t i n u e s  t o  i n v e s t i g a t e  t h i s  a s p e c t .  
5.1.2 E l e c t r i c a l  Components 
P 
The e l e c t r i c a l  AC g e n e r a t o r s  have been c a r e f u l l y  
s e l e c t e d  w i t h  g e n e r o u s l y  p ropor t ioned  
hydrodynamic b e a r i n g s .  
The expec ted  l i f e  of t r a n s f o r m e r s  and s w i t c h g e a r ,  
b o t h  of which have a l s o  been c a r e f u l l y  s e l e c t e d ,  
i s  i n d i c a t e d  i n  t a b l e  2 of pa ragraph  6.3. A 
maintenance p e r i o d  of 10 y e a r s  i s  i n d i c a t e d  i n  
a l l  c a s e s  bu t  t h e  teams a r e  c o n f i d e n t  t h a t  t h i s  
w i l l  be improved upon. 
Transmiss ion  c a b l e s  a r e  i n c l u d e d  i n  t h e  t a b l e .  
5.1.3 E l e c t r o n i c  C o n t r o l s  
The modern technology of s o l i d  s t a t e  c i r c u i t r y  
and s w i t c h i n g  w i l l  be f u l l y  e x p l o i t e d  i n  t h e  
d e t a i l  d e s i g n  of t h e  c o n t r o l  system. The 
r e l i a b i l i t y  of such  equipment i s  improving from 
y e a r  t o  y e a r  and t h e  team i s  c o n f i d e n t  t h a t  a l l  
problems can be so lved .  
5.2. Other  P l a n t  
The on-shore p l a n t ,  o t h e r  t h a n  t h e  maintenance f a c i l i t y ,  
w i l l  c o n s i s t  of a  c o n t r o l  and d a t a  l o g g i n g  s t a t i o n  and a  
t r a n s m i s s i o n  system. The l a t t e r  i s  d e a l t  w i t h  under  6.3 
t a b l e  2. The former  w i l l  comprise  a  d a t a  l o g g e r  w i t h  
pe rhaps  100,000 channe l s  g i v i n g  100 p i e c e s  of i n f o r m a t i o n  
p e r  duck. The team a n t i c i p a t e  u s i n g  f i b r e - o p t i c  l i n k s  
b u i l t  i n t o  t h e  undersea  c a b l e s  backed up by r a d i o  l i n k .  
A l l  t h e  sys tem w i l l  make u s e  of t h e  most modern and 
r e l i a b l e  equipment a v a i l a b l e  a t  t h e  t ime  of des ign .  
5.3 F a i l u r e  R a t e s  
A c h a r t  "Typical  r anges  of f a i l u r e  r a t e s  f o r  p a r t s ,  
equipments  and systems" a p p e a r s  h e r e i n .  T h i s  i s  an  
e x t r a c t  from " R e l i a b i l i t y  Technology" by Green and Bourne 
of t h e  UKAEA t o  whom acknowledgements a r e  due. 
Bear ing  i n  mind t h e  s t r i v i n g  towards  l o n g  l i f e  t h a t  i s  
s t r e s s e d  th roughout ,  t h e  team f e e l  t h a t  one can assume 
f a i l u r e  r a t e s  w i t h i n  t h e  b e s t  t h i r d  of t h e  i n d i c a t i o n s  of 
t h e  c h a r t .  
T h i s  means t h a t  f o r  t h e  a p p l i c a b l e  i t e m s ,  a  f a i l u r e  r a t e  
6 
o f  l o l  pe r  10 hours  of o p e r a t i n g  l i f e  o r  abou t  2 
f a i l u r e s  p e r  25 y e a r s  f o r  most of t h e  components. The 
maintenance sys tems r e f e r r e d  t o  under  s e c t i o n  6 shou ld  be 
w e l l  a b l e  t o  cope w i t h  such  a  f a i l u r e  r a t e .  
The Team i s  i n v e s t i g a t i n g  examples of l o n g ,  una t t ended  
o p e r a t i o n  i n  o t h e r  f i e l d s  and can s o  f a r  p o i n t  t o  t h e  
Domestic R e f r i g e r a t o r  and C e n t r a l  Hea t ing  Pumps a t  one 
end of t h e  s c a l e  - th rough  such e v e r y  day u n i t s  as London 
T r a n s p o r t  bog ie  b e a r i n g s  ( q u o t i n g  o n l y  6 f a i l u r e s / y e a r  i n  
30,000 u n i t s  a f t e r  up t o  35 y e a r s  o p e r a t i o n )  t o  3.5 MW 
g a s  compressors;  some 1400 of which a r e  i n  con t inuous  use  
i n  t h e  Eurodif  enr ichment  p l a n t  a t  T r i c a s t i n ,  where 20 
y e a r s  una t t ended  o p e r a t i o n  has  been ach ieved  ( w i t h  
acknowledgements t o  Nuclear  E n g i n e e r i n g ) .  The Team's 
i n v e s t i g a t i o n s  con t inue .  
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Enrichment plant compressors 
for 20-years9 non-stop o 
By 1981 the French consortium Gercos will have supplied a total 
of 1400 motor compressors with a total rating of 3300 MW to the 
Eurodif enrichment plant at Tricastin. Precision mass production 
and standardisation are essential in meeting the quality objectives 
which are needed for a lifetime of continuous operation. 
The Fr 15 000 million Eurcxlif gaseous 
diffusion cnrichmcnt plant at Tricastin, 
thc largcst projcct of its kind in Europc, 
will alone account for R third o f  the 
world's cnrichtncnt capacity by the timc 
it is completed in 1982, with a full capac- 
ity o f  10 800 t s.w.u. Each stagc o f  the 
gaseous diffusion process comprises a 
diffusion harrier, which separates U-235 
from CJ-238 in uranium hcxafluoridc gas. 
;tntl a motorlcomprcssor unit. The 
ILUWI-stage cascadc o f  thc separation 
plant includes three sizos of motor com- 
pressor: 280 units ratcd at ( M k W  (3(X)O 
revlmin handling 3Okgls). 4(W) stagcs 
ratcd at 15()OkW Q(U)O~ev/min, 80kgJs). 
and 720 stages rated at 35oM)kW 
(lClOke/s. 1 Sot) rcvlmin). 
To carry out thc dcsign and manuf;ic- 
turc of this large quantity o f  spccialiscd 
~ i i c ~ t o r l c c ~ m ~ ~ r ~ s s o r ~ ,  which ;tlonc will 
:IIIII(I\I ~II.(.OIIII~ 1111 Ill(' 11111 IIIIIIUII r ~ l  Ill(. 
1 1 t ' l ~ ~ , ~ l ~ ~ l l l l 1 1 1 ) ~  Ill( ~ 1 \ 1 1 1 1  1111< l('ill I 1 I I W ~ ' I  
\I.IIIOII (wit11 IOIII ')!9 M WC, 11% !c IIIIII~. 
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ing towartls Ihc criil of this year) ;I groiql 
was formed comprising two principal 
constructors. tlispano-Suiza, part o f  the 
Snccma group, with a two-thirdssharc in 
thc consortium, and Alsthom Atlnnti- 
quc. The ncw group, know as Gercos, 
included both the major compressor 
manufacturers for the CEA's Picrrclatte 
eririchment plant. Hcre, a total of 2o(W) 
mostly smaller compressors were sup- 
plied. The machines installed at the 
Picrrc lat tc plant wcrc or ig inal ly  
designed for routine inspection hut in 
wrvice the dcsign proved to he suiktblc 
for continuous operation. and those 
installed first in lY65 have now passed 
1 I 0  OM) hours continous operation. 
Thc contracts for the manfacture of 
thc largcst (I SOOk W) comprcssors was 
:~wartletl jointly to Gcrcos and the 
1tali:ln company Nuovo- Pignone work- 
ing under a Gercos licence. A l l  the 
niachincsof thc smallcst rating havc now 
bee11 ilclivcrctl to sitc. ilnd all hut 30 of 
the medium sized compressors. Of the 
ii lan- largcst sizcs, 80 Gercos and 25 I t  I' 
made machincs are now on sitc. 
The cnmpleted 3S00kW compressor assembly b 
Cornparimn of the three motorlmmpresmr 
S ~ ~ R S :  (len to right, 6 W W ,  ISO(HcW and 
3500kW) for the Tricastin ga.senus diffusion 
plant 
fusion barrier i s  added by EurodiT at 
'i'ricastiti. 'l'hc ~n;lin critcria of thc dcsign 
;ire thc high rcli;hility. for the prolonged 
non-stop opcr;~tion (2(1 years without 
rn;~jorovcrllaul). thc :~hscncc of any forc- 
ign matter in ~ l i c  gas circuits. the rcsis- 
tancc to the highly corrosive gascs. the 
ovcr i~ l l  gas-tightness in view o f  the toxic- 
ity of U FR. and overall cfficicncy of the 
machines. 
The cfficicncg of the plant is o f  
enormous ccon!mic significance with 
such high total rat in~s:  an increase o f  1 
per cent in the lo&s o f  the motor1 
compressors. for example. represents an 
additional i~nnuii l  rutining cost of Fr 20 
million for the Tricastin plant. 
The multi-ctapc axial compressors arc 
rnndc i1t the Rateau factory o f  Ihc Als- 
thorn Atlantiquc at La Courneuve, and 
the Bois Colombds factory of Hispano- 
September 1979 
The clean room assembly line at the 
HLb;puw&ulzs MeicCoknnber fnctory 
SII~/ ; I .  nr111 10 tlit* 1111rlI1 411' l*;~rih. '1'0 
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ilccoullts f o r  15 p - r  ccnt trl' Ille t t r l ; l l  pro- 
duct irjti cost. 'I'lie qu;~lil y ;issurance 
teams are rcslw~~isiblc directly to the 
respective company presidents to ensure 
as indepndcnt a standpoint ;is possible 
within the organizatitn. 
The principal effect of the other major 
design criteria is that all larger compo- 
nents in the compressors, which are 
made from steel forgings, must hc nickel 
plated to be resistant to corrosion by the 
uranium hexafluoride gas, and the 
assembly of the a m p r e w r s  must be 
carried out under strict clean-room con- 
ditions. 
The compressors have two pressure 
flown: the low prusnure intuke at the 
main inlet to the compressor handles gas 
that has passed through the diffusion 
barrier of the previous stage. 'The recy- 
cled gas rejected at the previous barrier 
is at a higher pressure and is therefore 
brought in at the last, low-pressure mix- 
ing stage of the compressor. The two 
intakes have very similar mass flows, so 
that a simple adjustment of the recycled 
gas flow entering the last stage allows the 
mass flows to be accurately matched on 
each compressor. 
?'he compressor's r o w  is mounted 
vertically, supported at a single suspen- 
sion point, with a gas-tight seal specially 
developed by Hotchkiss-Brandt- 
%gem; group. A remotely operated 
shutter is provided to isolate the com- 
pressor if necessary and allow the drive 
Main features of the motor/compresoor 
for the Tricastln enrichment plant 
Small Medium Large 
sire size size 
M I I ~ I I  H I I I U I I I I  IIow I I I ~ / H  0 I I f 4  0 4f1 2. 
: I~UUIII  ( I U V I I I I I I )  :r.twnt . I . I I I M J  I , M I  
Llaclrlc motor 
power kW 600 1.500 3,400 
Max rotor 
diameter m 0.80 0.95 1.49 
Overall he~ghl 
(compressor 
motor) m 2.36 3.00 3.05 
Total mass kg 5,985 10.856 20.976 
shaft to be disassembled without risk of 
gas leakage. 
'l'hc production o f  thew spccial coni- 
prcssors involved a nuniber of n~ajor sub 
contractors, such as forgings by 
Crcusot-Loire ( France), Shafts by Terni 
(Italy) and Cockerill (Belgium), special 
heavy duty alloys by High Duty Alloys 
(Great Britain) and electric motors by 
Ansaldo/Marclli(ltaly), CEM (France), 
and Brown Boveri (Italy and Spain). 
The total value of the motor/ 
compressors contracts was about Fr 3 
billion, which is above 20  per cent of the 
total estimated cost of the Eurodif 
enrichment plant at Tricastin. 
Gercos now awaits a decision on the 
Coredif plant, which could be as large 
again as Tricastin. If this project is post- 
poned beyond the completion of the 
Tricastin plant Gercos will remain, since 
there are no engineers or staff directly 
employed by the consortium. But since 
the two manufacturers in the group have 
a large investment in forging presses, 
numerically controlled machine tools 
and special assembly areas dedicated to 
this range o f  n~achiries, together with the 
speci;ilixd team of constructors, and 
Mounting the rotor into the Statw of the 
3500kW compressor 
since the anticipated world enrichment 
capacity demands all of the new plant 
projcctcd at present, Cercos argues 
strongly for the early continuation of the 
Coredif plant. Despite the high power 
demands of the gaseous diffusion pro- 
cess, there isa strong belief in the proven 
industrial-scale viability of the process, 
compared with centrifuge enrichment, 
by a wide section of French industry. l@ 
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I N S P E C T I O N  & M A I N T E N A N C E  
INSPECTION AND MAINTENANCE 
6.1 S t r u c t u r e s  
The c o n c r e t e  s t r u c t u r e s  of both  t h e  s p i n e  and t h e  duck 
have been des igned  w i t h  l o n g  f a t i g u e  l i f e  and l i t t l e  o r  
n o  maintenance i n  mind. S t e p s  have been t aken  t o  
e l i m i n a t e  t h e  p o s s i b i l i t y  of marine  growth i n  v u l n e r a b l e  
s p o t s .  Marine growth on t h e  o u t e r  s u r f a c e s  of t h e  
d e v i c e  i s  n o t  expec ted  t o  exceed 100 mm t h i c k n e s s  of 
c r u s t a c e a  w i t h  some k e l p  a t t a c h e d .  T h i s  i s  based on 
i n f o r m a t i o n  from t h e  S c o t t i s h  Marine Biology A s s o c i a t i o n .  
The d e s i g n  h a s  a l lowed  f o r  such  coverage.  
6.2 Mechanical  Equipment 
A d e l i b e r a t e  no-maintenance-at-sea p o l i c y  h a s  been 
adop ted  by t h e  team a s  e x e m p l i f i e d  by t h e  e n t i r e  power 
c o n v e r s i o n  t r a i n  be ing  housed i n  a  low p r e s s u r e ,  non- 
o x i d i s i n g ,  non-corroding environment.  A l l  components 
w i l l  be  i n d i v i d u a l l y  des igned  t o  embody t h i s  ph i losophy ,  
s u c h  a s  t h e  u s e  of h y d r o s t a t i c  b e a r i n g s  throughout  t h e  
sys tem a s  f a r  a s  p o s s i b l e .  The method of i n s t a l l a t i o n  
( i . e .  t h a t  of towing s t r i n g s  of ducks)  w i l l  be r e p e a t e d  
when maintenance i s  necessa ry .  When a 5 day wea ther  
window a p p e a r s  l i k e l y  ( i . e .  waves of l e s s  t h a n  3 metres  
h i g h )  a  r e s e r v e  s t r i n g  w i l l  be towed from base  and used 
t o  r e p l a c e  whichever l e n g t h  has  t h e  most s i g n i f i c a n t  
f a u l t s .  When t h e  f a u l t y  l e n g t h  i s  r e t u r n e d  t o  base  t h o s e  
components e x t e r n a l  t o  t h e  power c a n i s t e r  w i l l  be 
r e f u r b i s h e d  o r  rep laced .  Th is  s t r i n g  w i l l  i n e v i t a b l y  
c o n t a i n  some power c a n i s t e r s  w i t h o u t  f a u l t s .  I f  t h e  
o p e r a t i n g  l i f e  has  been l e s s  t h a n  5 y e a r s ,  c a n i s t e r s  w i l l  
be  re-used w i t h o u t  do ing  any overhau l .  
Any s u s p e c t  c a n i s t e r  w i l l  be s t r i p p e d  and i n s p e c t e d .  
Dependant upon c o n d i t i o n ,  components w i l l  be r e p l a c e d  and 
t h e  c a n i s t e r  s e t  up f o r  a  f u r t h e r  p e r i o d  of duty .  The 
l i f e  h i s t o r y  of each and e v e r y  component w i l l  be 
c a r e f u l l y  moni tored s o  t h a t  a n  e f f i c i e n t  sys tem of 
minimum c o s t  can be opera ted .  Power c a n i s t e r s  w i l l  be 
s a l v a g e d  i n  t h e  e v e n t  of a  c a t a s t r o p h i c  f a i l u r e ,  such  a s  
a  s h i p  c o l l i s i o n ,  and r e t u r n e d  t o  base  f o r  s t r i p p i n g ,  
r e fu rb i shment  and re-use.  
6.3 Transmiss ion  and E l e c t r i c a l  Equipment 
A consc ious  e f f o r t  h a s  been made t o  e n s u r e  t h a t  t h e  need 
f o r  maintenance i s  avoided o r  a t  l e a s t  minimised. Two 
examples of t h i s  a r e  t h e  h i g h e r  c o s t  f o r  t h e  g e n e r a t o r s  
and c o n t r o l l i n g  t h e i r  environment by n i t r o g e n  f i l l i n g  t h e  
g e n e r a t o r  compartment and t h e  s e l e c t i o n  of 132 kV t o t a l l y  
e n c l o s e d  SF6 swi tchgear .  
Tab le  2 (page 174) shows t h e  assessment  of t h e  p e r i o d s  
between i n s p e c t i o n  o r  maintenance f o r  t h e  main components 
o f  t h e  arrangement .  The maintenance sys tem t o  be s e t  up 
f o r  mechanical  components w i l l  al.low f o r  t h e  e l e c t r i c a l  
r equ i rements  i n  p a r a l l e l .  
6 - 3  TABLE 2 
Item 
Inspection or maintenance f ree  period (years) 




Switchgear below 132 kV 
132 kV SF6 switchgear 
Transformers 
(and reactors)  
Overhead l i n e s  
Monitoring* 
25 /c i rcu i t  ( f a u l t s )  100/c ircui t  ( f a u l t s )  
20/transf ormer 40 
( f a u l t s )  
* Based upon f a i l u r e  o f  a l l  p a r a l l e l  or duplicated equipment 
6.4 The removal of a  S e c t i o n  of Sp ine  f o r  Maintenance o r  
R e p a i r  
To remove a  s e c t i o n  of t h e  s p i n e  t h e  f o l l o w i n g  procedure  
would have t o  be adopted.  
( i )  P r i o r  t o  c a r r y i n g  ou t  t h e  above o p e r a t i o n s  t h e  
s e c t i o n  w i l l  have t o  be e l c t r i c a l l y  i s o l a t e d  and 
t h e  w a t e r t i g h t  bulkheads  s e a l e d .  
( i i )  Recover t h e  moorings. 
Divers  w i l l  be deployed from t h e  Dive Support  
Vessel t o  a t t a c h  l i f t  l i n e s  t o  t h e  clump weigh t .  
( i i i )  The clump weigh t  w i l l  be l i f t e d  u s i n g  t h e  c r a n e  
on t h e  D.S.V. 
( i v )  The a s s i s t i n g  t u g  w i l l  a t t a c h  a towing b r i d l e  t o  
t h e  s e c t i o n  t o  be removed. 
( V) The l a t c h  h y d r a u l i c s  w i l l  be connected up and 
a c t i v a t e d  t o  r e l e a s e  t h e  l a t c h e s  a t  each end of 
t h e  s e c t i o n .  
( v i )  The s p i n e  w i l l  be "dr iven"  a p a r t .  When t h e  
c l e a r a n c e  between t h e  s e c t i o n s  of t h e  s p i n e  i s  
s u f f i c i e n t  t h e  t u g  w i l l  tow o u t  t h e  r e q u i r e d  
s e c t i o n .  
( v i i )  The main t u g  w i l l  a t t a c h  a  tow l i n e  t o  t h e  
s e c t i o n  and tow i t  back t o  t h e  s h o r e .  
6.5 Maintenance and In spec t ion  of t h e  S t r i n g  
Maintenance of t h e  a r r a y  w i l l  be determined by t h e  
f i n d i n g s  of t h e  R e l i a b i l i t y  Analysis  being c a r r i e d  out on 
t h e  device  by va r ious  groups. 
The informat ion  from t h e  r e l i a b i l i t y  s t u d i e s  w i l l  a s s i s t  
i n  b u i l d i n g  up a  planned maintenance programme f o r  t he  
o v e r a l l  p r o j e c t .  
It has been shown i n  t h e  previous procedure t h a t  i t  i s  
p o s s i b l e  t o  remove a  s e c t i o n  of t h e  s p i n e  and tow i t  back 
t o  shore  f o r  maintenance o r  r e p a i r .  
The s p i n e  and t h e  moorings w i l l  be surveyed annua l ly  by a  
Remotely Operated Vehicle.  This  survey w i l l  inc lude  a  
v ideo  i n s p e c t i o n  of t h e  duck/sp ine  j o i n t ,  t h e  f l e x i b l e  
j o i n t  i n  t h e  sp ine ,  and the  moorings. 
6.6 Maintenance Base and F l e e t  
This  has ,  p ro  tem, been based on t h e  Consul tan t ' s  
recommendation ( s e e  "Schedule of Standard Rates and 
Measurement f o r  Standard o r  S p e c i a l  Rates").  The team 
f e e l ,  however, t h a t  bear ing  i n  mind t h e  no-maintenance 
des ign  philosophy and t h e  on-board computing and 
monitor ing system proposed, t h i s  requirement could be 
somewhat sma l l e r  t han  envisaged. This  a l s o  a p p l i e s  t o  
manning l e v e l s .  
Fu r the r  cons ide ra t i on  w i l l  be given t o  both these  
a spec t s .  
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P E R F O R M A N C E  & P R O D U C T I V I T Y  
Revised version 
Product iv i ty  Analysis of S a l t e r  Ducks 
(1981 reference design) 
Denis Mollison 
(Heriot-Watt Universi ty)  
Summary 
The p roduc t iv i ty  of  the  1981 reference  design of  the  S a l t e r  duck i s  
est imated a t  18.3kW/m, and i t s  u n i t  c o s t  a t  2.75p/kWh. 
This i s  f o r  a 2C;W scheme s i t e d  i n  lOOm depth approximately 35km west 
of South U i s t .  The reference design i s  14m diameter by 45m long, with a 
de l ivered  power r a t i n g  of 2.344MW (52.lkW/m) . The reference scheme cons i s t s  
of 864 ducks, s o  t h a t  the  p r e c i s e  o v e r a l l  r a t i n g  i s  2 .  O25GW, and has est imated 
mean output  713MW. (These f i g u r e s  a l l  r e f e r  t o  de l ivered  power on Skye.) 
The above f igures  do not  allow f o r  l o s s  of output  r e s u l t i n g  from the  
breakdown of p a r t  o r  a l l  of  the  scheme. A mean l o s s  of 10% of the  power 
u n i t s ,  and of  the  complete system f o r  5% of the  time, leads  t o  est imated n e t  
product iv i ty  o f  16.9kW/m (656MW o v e r a l l )  a t  a u n i t  c o s t  of 2.99p/kWh. 
Product iv i ty  has  been ca lcu la ted  using the  Energy Technology Support 
Uni t ' s  recommended set of  46 s p e c t r a ,  adjus ted  t o  a s i t e  of lOOm depth 
using the  I n s t i t u t e  of  Oceanographic Science ' S recommended comparison 
data.  
Device performance i s  est imated from the  device team's tank experiments 
with a model mounted on a s u i t a b l y  compliant r i g  i n  uni -d i rec t ional  seas.  
In  es t imat ing  t h e i r  performance i n  mul t i -d i rec t ional  seas  a cosine law has 
been assumed. T h i s ' i s  thought t o  be conservative:  an assumption which i s  
supported by i n i t i a l  wide tank experiments on a s t r i n g  of 6 ducks on a 
f ixed a x i s  (Oct. 1981). 
The generat ion and transmission losses  a r e  ca lcu la ted  from f i g u r e s  
ava i l ab le  f o r  the  reference design a t  mid-October 1981. Estimated c o s t s  
were provided by Pro jec t  Assessment and Development, and Merz and McLellan; 
an allowance f o r  maintenance was a l s o  included. 
The i n t e r p r e t a t i o n  of  the  above p roduc t iv i ty  and cos t  f i g u r e s ,  and 
p o s s i b i l i t i e s  f o r  improvements, a r e  discussed.  
I .  A i m s  
1.1 To obta in  da ta  on: ( a )  front-end power e x t r a c t i o n  
(b) gyro and generat ion l o s s e s  
( C )  transmission l o s s e s  
and hence t o  es t imate  output  ( t o  the  e l e c t r i c i t y  g r i d ) ,  from the  1981 reference  
design i n  t h e  Department of Energy's chosen reference  s e t  of 46 seas  (modified 
t o  model a  s i t e  i n  100 metres depth) .  Also t o  e s t ima te  output  i n  1 . 0 . S . ' ~  c a p  
reference s e t  of 399 seas ,  and comment upon any s i g n i f i c a n t  d i f f e rences .  
q 
1.2 To d i scuss  with the  device team (EWPP) whether f u r t h e r  opt imisa t ion  by a l t e r i n g  
r a t i n g s  o r  operat ing s t r a t e g y  i s  d e s i r a b l e ,  and i f  so ,  t o  r epea t  the  c a l c u l a t i o  
i n  Sect ion  1.1 (above) with t h e  modified design. 
1.3 To prepare a b r i e f  r epor t  communicating re l evan t  f i g u r e s  t o  RPT, together  with 
t h e  device team's comments on t h e i r  i n t e r p r e t a t i o n ,  and p o s s i b i l i t i e s  f o r  
improvement. 
2.  Data 
2.1 Front-end Power Extrac t ion  
Data on front-end power ex t rac t ion  were obtained from the  most recent  model 
t e s t s  c a r r i e d  o u t  i n  theEWPP narrow tank, on 1Ocm diameter models mounted on 
a compliant r i g .  These t e s t s  were i n  mixed seas ,  wi th  Pierson-Moskowitz 
shaped frequency spectrum, and covered a range of he igh t s  ( H r m s )  and per iods  
(Te) mattrhing t h e  South U i s t  wave c l imate  a t  s c a l e s  from 1:100 t o  1:160. 
That is, p roduc t iv i ty  i n  South U i s t  s e a s  could b e  est imated almost  e n t i r e l y  
by i n t e r p o l a t i o n  between these  t e s t  d a t a  (See Appendix 1 ) .  D i r e c t i o n a l i t y  
was allowed f o r  by mult iplying each s p e c t r a l  component by the  cosine of the  
angle between it and t h e  assumed fac ing d i r e c t i o n  of  260 degrees ( i . e .  10 degre 
South of West). 
2 . 2  Wave Data 
The bas ic  wave data  s e t  cons is ted  of the  399 d i r e c t i o n a l  spec t ra  f o r  the  42m 
s i t e  a t  South U i s t  synthes ised  by John Crabb of IOS, correc ted  fo r  a s i t e  i n  
l O O m  depth using da ta  from IOS's comparison of the  two s i t e s  (Appendix 2 ) .  
While it was thought p re fe rab le  t o  use a l l  399 sea s t a t e s  i n  optimising device 
parameters (see comments below, s e c t i o n  4.1) the  bas ic  nroduct iv i ty  est imate 
uses  t h e  recommended subse t  of 46 sea  s t a t e s ,  according t o  the  formula 
described by t h e  Department of Energy' S consul tants ,   enda all, palmer and 
T r i t t o n  (Working Paper No. 42) . 
2 3 Hydraulic Losses 
The f i g u r e s  provided by Robert Clerk (Appendix 3 )  indica ted  t h a t  these  losses  
were well  f i t t e d  by a  l o s s  funct ion  cons i s t ing  o f  a  cons tant  (s tanding l o s s )  
and l i n e a r  term. (The smoothing e f f e c t  o f  t h e  gyro a t  the  f i r s t  s t age  of power 
take-off g r e a t l y  s i m p l i f i e s  ca lcu la t ions ,  s ince  it i s  thus  adequate t o  consider  
only the  mean inpu t  power l e v e l  i n  each sea s t a t e . )  
2.4 E l e c t r i c a l  Losses 
The f i g u r e s  provided by John Cure of Merz and McLellan ( ~ ~ p e n d i x  4) indica ted  
t h a t  these  losses  were well  f i t t e d  by a  l o s s  funct ion  cons i s t ing  of a  constant  
(s tanding l o s s )  p lus  quadra t i c  term. 
2.5 U n r e l i a b i l i t y  Losses 
The design philosophy of  the  S a l t e r  duck aims t o  minimise breakdowns and the  
need f o r  maintenance. I t  i s  the re fo re  thought conservative t o  es t imate  a  
mean l o s s  of 10% of the  power u n i t s  ( leading t o  a  l o s s  of 3% of m a n  output)  
p lus  a  t o t a l  l o s s  f o r  5% of t h e  t i m e  (from breakdown of  transmission l i n e s  e t c . )  : 
t h a t  i s  an o v e r a l l  l o s s  of 8% of mean output  i s  assumed 
- 180 - 
2.6 Costs 
Cost es t imates  f o r  the  reference design were provided by P r o j e c t  Assessment 
and Development ( s t r u c t u r e s  and power module) , Mgrz and McLellan ( e l e c t r i c a l )  
and Rendall, Palmer and T r i t t o n  (cons t ruct ion  and maintenance f a c i l i t i e s )  
(Appendix 5 ) .  
* 
An amortisat ion f a c t o r  of 7.1% p .  a .  (based on the  Department of Energy's 5% 
discount  r a t e ,  over a  25 year  l i f e )  was used t o  convert between c a p i t a l  and 
running cos ts .  
3. Product iv i ty  of the  Reference Design 
3.1 The Reference Design 
A prel iminary optimisat ion of  device diameter and power r a t i n g  was c a r r i e d  
o u t  during August 1981, and taken i n t o  account i n  the  choice of  the  
reference  design, which i s  14m i n  diameter and 45m long. Merz and McLellan's 
e l e c t r i c a l  scheme inc ludes  1872 genera tors  w i t h  i n p u t  r a t i n g  1.2 
864 duck reference scheme - two p e r  duck, p lus  one pe r  s i x  ducks f o r  power 
take-of f  from the  spine.  Al t e rna t ive ly  Pro jec t  Assessment and Development 
propose 1800 X 1.25MW genera tors  ( 2  p e r  duck, p l u s  l p e r  12 ducks i n  the  
s p i n e ) .  E i t h e r  scheme leads  t o  an o v e r a l l  genera tor  r a t i n g  of approximately 
2248MW (57.8kW/m) , with 2025MW (52.lkW/m) landed on Skye. The ' f ront-end'  
power r a t i n g  is 2450MW (63.OkW/m) . 
3.2 Product iv i ty  
The est imated mean produc t iv i ty  f o r  t h i s  reference  design,  using the  recommend 
set of 46 sea  s t a t e s ,  i s  22.lkW/m a t  the  f r o n t  end (see  Appendix1 1 , leading 
t o  18.3kW/m del ivered  power a t  Uig, Skye. This r ep resen t s  a  mean load f a c t o r  
of 35.2% giving a t o t a l  mean p roduc t iv i ty  of  7 1 3 ~ ~  from the  2GW scheme. 
Given t h a t  the  performance d a t a  a re  from uni-d i rec t ional  experiments, 
p roduc t iv i ty  can equally e a s i l y  be est imated f o r  the  I n s t i t u t e  of Oceanographi 
* Amortize: "extinguish,  usual ly  by means of a  s inking fund"! (concise Oxfd. D i  
S c i e n c e s ' s  f u l l  set  of  399 s e a  s t a t e s .  This  g i v e s  a  more r e l i a b l e  e s t ima te  
( s e e  sec .4 .1  below) of  18.8kW/m d e l i v e r e d  power, i . e .  n e a r l y  3% h ighe r .  
3 . 3  Costs ,  Optimisat ion and S e n s i t i v i t y  Analysis  
Using the  c o s t  f i g u r e s  r e f e r r e d  t o  above (sec.2.5 and Appendix 5)  t h e  
o v e r a l l  c a p i t a l i s e d  c o s t  o f  t h e  r e f e r ence  des ign ,  i nc lud ing  maintenance, i s  
e s t ima ted  a t  E2.80m p e r  duck, o r  £62,200 p e r  metre. Amortising a t  7.1% p . a .  
l e ads  t o  a  c o s t  of  5 0 . 4 ~  p e r  hour  p e r  metre;  f i n a l l y  d i v i d i n g  by t h e  
e s t ima ted  mean n e t  p r o d u c t i v i t y  (18.3kW/m), l e ads  t o  a  c o s t  p e r  u n i t  o f  
2.75 pence/kWh. An 8% allowance f o r  u n r e l i a b i l i t y  (sec.2.5)  reduces t h e  n e t  
p r o d u c t i v i t y  t o  16.9kW/m, and i n c r e a s e s  t he  u n i t  c o s t  t o  2.99p/kWh. 
The e f f e c t s  o f  vary ing  duck d iameter  and power r a t i n g  a r e  shown i n  
Appendix 6 .  I t  t u r n s  o u t  t h a t  t h e  u n i t  c o s t  i s  i n s e n s i t i v e  t o  t h e  p r e c i s e  
choice of  diameter  and power r a t i n g .  There i s  a  broad p l a t e a u  of near-  
op t imal  va lues ;  t h e  r e f e r ence  des ign  i s  n o t  q u i t e  a t  t h e  optimum, b u t  
towards t he  high p r o d u c t i v i t y  edge o f  t h i s  p l a t e a u .  (See a l s o  s e c t i o n  4.3) 
4. I n t e r p r e t a t i o n  and P o s s i b i l i t i e s  f o r  Improvement 
4 .1  P r o d u c t i v i t y  
The recommended set  of  46 s p e c t r a  was chosen i n  a  somewhat p e c u l i a r  way 
which makes it d i f f i c u l t  t o  p r e d i c t  whether it w i l l  overes t imate  o r  
underest imate  p r o d u c t i v i t y  o f  a  p a r t i c u l a r  dev ice .  On t h e  one hand t h e  
recommended set exc ludes  s e a s  o f  extreme h e i g h t  ( H r m s )  and p e r i o d  (Te) , 
and i s  a l s o  favourably b i a s e d  i n  r e s p e c t  of  d i r e c t i o n a l i t y .  On t h e  o t h e r  
hand, t h e  c o n s u l t a n t s '  recommended method o f  e s t i m a t i n g  p r o d u c t i v i t y  
(working paper  no.  42) omi ts  t h r e e  c a t e g o r i e s  o f  s e a  s t a t e  (power < 10kW/m, 
Te < 7 s e c s ,  Te > 12.9 s e c s )  which c o n t r i b u t e  4.9% o f  t h e  mean a v a i l a b l e  
power. This i s  the  p r i n c i p a l  reason why the  mean a v a i l a b l e  power, a l lowing 
f o r  d i r e c t i o n a l i t y  (cosine law) , f o r  the  lOOm depth s i t e  comes t o  43.5kW/mf 
a s  opposed t o  the  46.9kW/m of  the  f u l l  I n s t i t u t e  of Oceanographic Science ' s  
sample of 399 sea  s t a t e s .  I t  i s  the re fo re  not  s u r p r i s i n g  t h a t  a device 
with broad frequency response and f a i r l y  low s tanding losses ,  such as  the  
S a l t e r  duck, i s  est imated t o  produce near ly  3% more i n  the  f u l l  I n s t i t u t e  
of  Oceanographic Science ' s  sample (18.8kW/m) than i n  the  subsarrgle of 46 
(18.3kW/m). 
I t  should a l s o  be borne i n  mind t h a t  the  method o f t s e l e c t i o n  o f  the  f u l l  
I n s t i t u t e  of  Oceanographic Sciences '  sample i s  such t h a t  it probably under- 
es t imates  the  long-term mean power a v a i l a b l e ,  perhaps by about 5% (Mollison, 
i n  "Power from Sea Waves" e d i t e d  by B. Count, Academic Press  19801, and t h a t  
the  comparison f igures  used t o  co r rec t  f o r  the  l O O m  depth reference  s i t e ,  
while they agree broadly with o the r  evidence, a r e  only based on data  over 
a l imi ted  period.  An informed guess (it can be no b e t t e r )  a t  a 95% 
confidence i n t e r v a l  f o r  t h e  t rue  mean p roduc t iv i ty  might be 19.5 2 2.5kW/m. 
Taking the f u l l  I n s t i t u t e  of Oceanographic Sciences '  sample a s  the  most 
r e l i a b l e  p resen t  e s t ima te ,  it i s  i n t e r e s t i n g  t o  note  t h a t  t h e r e  i s  only 
l imi ted  scope f o r  inc reas ing  p roduc t iv i ty  by improving device e f f i c i e n c y  
alone: a device with 100% ef f i c i ency  and the  same power l i m i t  would produce 
only SkW/m more (approx. 24  ins t ead  of  18.8) . I f  the  f r o n t  end power l i m i t  
is  ra i sed  t o  100kW/m (del ivered  power l i m i t  81.4kW/m) , t h i s  scope f o r  
improvement increases  (28.3kW/m from a 100% e f f i c i e n t  device,  20.3 from the  
reference design) . While improvements i n  e f f i c i e n c y  a r e  c l e a r l y  worth seeking, 
t h e i r  e f f e c t  may the re fo re  be small compared with poss ib le  c o s t  reductions,  
and comparable with the  e f f e c t s  of moving t o  a b e t t e r  s i t e  (such a s  the  
'Cape Wrath S p u r ' ? ) .  
.4.2 R e l i a b i l i t y  and Maintenance 
A s  regards r e l i a b i l i t y ,  one advantage of the  spine arrangement is t h a t  it 
allows power l o s t  by f a i l u r e  of one o r  a number of  power u n i t s  t o  be taken 
up by u n i t s  i n  neighbouring ducks. Thus the l o s s  of 10% of power u n i t s  i s  
roughly equivalent  t o  down-rating the  scheme by 10%, which leads t o  a 3% 
loss  of mean output ,  a s  already noted ( sec .  2.5) . While the  co l l ec t ion  and 
transmission arrangements a r e  designed t o  l i m i t  the  e f f e c t s  of f a i l u r e s  a s  
f a r  a s  poss ib le ,  more major breakdowns can simply be regarded a s  the  loss  
of a proport ion P i  of the  system f o r  a c e r t a i n  %age Q i  of the  time. A s  
a lready noted it has been assumed t h a t  such losses  a r e  equivalent  t o  the  
l o s s  of  the  whole system f o r  5% of the  time, i . e .  t h a t  C P i Q i  = 5%. 
For maintenance, £272,000 p e r  duck has been allowed, following the  Department 
of Energy' S consul tants  ' recommendation. 
These f i g u r e s  f o r  mean c o s t  of output  and maintenance c o s t s  may s e e m  low, 
b u t  the  design philosophy i s  t o  a i m  f o r  high r e l i a b i l i t y  and low maintenance 
cos t s  ( f o r  ins tance  i n  using power u n i t s  with a minimal number of moving 
p a r t s  i n  sea led  c a n i s t e r s  which can e a s i l y  be detached and replaced i f  they 
prove f a u l t y ) .  Thus, higher f i g u r e s  would be taken a s  evidence of  a design 
f a u l t  needing correc t ion .  
4.3 Costs 
I t  should be noted t h a t  the  gyro s torage  f a c i l i t y  should r a i s e  the  value 
a t t r i b u t e d  t o  a u n i t  (kWh) of wave power. The p o t e n t i a l  of the  gyros a s  
quick-react ion spinning reserve i s  indeed the main reason why each duck' S 
hydraulic  system has been r a t e d  a t  3.5MW; the  e l e c t r i c a l  genera tors  
a re  r a t e d  a t  2.6MW ( inpu t  r a t i n g ) ,  bu t  can run a t  the  higher r a t e  f o r  
20 minutes, s o  t h a t  the reference scheme could provide approximately 2.7m 
f o r  such a per iod  i f  required.  
The f ina l  costs (Appendix 5)  have risen compared with the estimates in the 
dra f t  of t h i s  report largely because of requirements t o  strengthen the 
concrete structures and power module, so as t o  conform with standards which 
the device team believe t o  be inappropriate t o  wave power devices. I t  is  
expected that  the design w i l l  eventually become more economical in  these 
respects. For the same reason, the device team re j ec t  one of the possible 
implications of the optimisation shown i n  Appendix 6 ,  namely tha t  a smaller 
duck diameter might yield a lower unit cost. 
6 
Some comment seems necessary as  regards maintenance 'and spares, where we 
understand tha t  the consultants 'allowances are worked out as a percentage 
of t o t a l  costs.  The device team object most strongly t o  t h i s  procedure, 
which makes a nonsense of one of the i r  design pr inciples ,  which is t o  be 
prepared t o  increase t o t a l  costs where t h i s  w i l l  reduce maintenance and the 
need for spares. In any case they f ee l  tha t  the maintenance figure of 
£272,000 per duck i s  suff ic ient ly  generous t o  include allowance for  refurb- 
ishment. Also, i f  a stock of spares is  t o  be added t o  the costs ,  the 
unre l iab i l i ty  losses (sec. 2.51 ,  which assume that  a proportion of units are 
but of action a t  any one time, should be reduced accordingly. 
APPENDIX 1 
Product iv i ty  Estimation 
The da ta  used were from tank experiments a t  sca le  1:140 of a  model on 
a s u i t a b l e  compliant r i g ,  i n  uni -d i rec t ional  seas  with Pierson- 
Moskowitz shaped frequency spectrum, a s  follows: 
Table 1.1 Experimental Product iv i ty  da ta  a t  s c a l e  1:140 
Power 
Te H r m s  Eff ic iency ( % )  Extracted 
(kW/m) 
APPENDIX 1 (cont)  
These da ta  were used t o  es t imate  p roduc t iv i ty  f o r  o the r  va lues  of Te 
and H r m s  by a l i n e a r  i n t e r p o l a t i o n  method, a s  follows. Eff ic iency 
values o f  H r m s  within the  experimental range were l i n e a r l y  in te rpo la ted .  
The power output  i n  s e a s  with d i f f e r e n t  values of  Te was then obtained 
by l i n e a r l y  i n t e r p o l a t i n g  between es t imates  of power e x t r a c t e d  f o r  
experimental values of  Te on e i t h e r  s i d e .  This  mGthod was chosen 
because the  power ex t rac ted  depends very l i t t l e  on Te ( see  f i g u r e  1.3 
below) , For values of Te below 7.1 (one i n  the  set of  46, no. 280) , 
the  e f f i c i e n c y  was assumed t o  be the  same a s  f o r  a  sea of  the  same 
Hms with Te = 7.1. For values of Hrms too  high f o r  l i n e a r  i n t e r p o l a t i o n ,  
t h e  power ex t rac ted  was assumed t o  r i s e  l i n e a r l y  with Hrms from the  
h ighes t  in te rpo lab le  value with the  same Te  (5  cases  i n  the  s e t  of 
46, bu t  3 of these  lead  t o  values which exceed t h e  f r o n t  end power l i m i t  
of the  reference  design,  and only one, no. 377, i s  appreciably above 
the  i n t e r p o l a t i o n  range) . 
F u l l  output  p red ic t ions  f o r  the  se lec ted  s e t  of 46 seas  a r e  shown i n  
t a b l e  1.2. 
The process of  in te rpo la t ion ,  superimposing f i g u r e s  from t a b l e s  1.1 
and 1 . 2  i s  i l l u s t r a t e d  i n  Figure 1.3. 
Table 1 . 2  Estimated productivity i n  t h e  selected s e t  of 46 seas 
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APPENDIX 1 ( c o n t . )  
Figure l . 3  
S c a t t e r  diagram o f  power e x t r a c t e d  by t h e  r e f e r ence  des ign  ( i n  k ~ / m ) ,  
comparing t h e  e s t i m a t e s  f o r  t h e  46 s e a s  (bracke ted  where they  exceed 
t h e  f r o n t  end power l i m i t  o f  63.0kW/m) wi th  va lues  e s t a b l i s h e d  
exper imenta l ly  a t  s c a l e  1:140 ( c i r c l e d  f i g u r e s ) .  The dashed l i n e  
i n d i c a t e s  t h e  edge of t h e  a r e a  where l i n e a r  i n t e r p o l a t i o n  i s  p o s s i b l e .  
APPENDIX 2 
Power Correction Factors  fo r  lOOm Depth S i t e  
(from RPT working paper No. 39) 
This f igure  shows the  r a t i o  of power observed between IOS's waverider 
buoys off  South U i s t  i n  lOOm and 42m depths,  expressed a s  co r rec t ion  
f a c t o r s  - power a t  lOOm buoy/power a t  42m buoy - f o r  each band of the  
frequency spectrum. 
APPENDICES 3 & 4 
APPENDIX 3 
Power Losses (Hydraul ic)  
(F igures  supp l i ed  by Robert Clerk)  
Losses expressed  a s  %age l o s t  a t  f u l l  l oad  
NOTES: Some power w i l l  a l s o  b e  taken o u t  through s p i n e  j o i n t s .  Th i s  i nvo lves  
an a d d i t i o n a l  s t and ing  l o s s  of about  0 .3%, b u t  the o t h e r  h y d r a u l i c  l o s s e s  
a r e  lower (about  5% t o t a l )  because there a r e  no gy ro  bea r ing  l o s s e s  
involved.  I t  thus  seems reasonably conse rva t ive  t o  i gno re  t h i s  ope ra t i ng  
mode when c a l c u l a t i n g  l o s s e s .  
* see n o t e  t o  Fppendix 4 below 
APPENDIX 4 
Power Losses ( E l e c t r i c a l )  
(F igures  supp l i ed  by Merz and McLellan) -- 
Constant  Prop. t o  p 
E l e c t r i c e l  qene ra to r s*  1 3.0(1.5) - 
I 
Transformers 
1 0.42 - 
Cables ashore  
* NOTE: A t  less than  h a l f  of f u l l  l oad ,  one of t h e  two g e n e r a t o r s  i n  each duck can 
be  s h u t  down, l ead ing  t o  t h e  l o s s  f i g u r e s  shown i n  b r a c k e t s .  
APPENDIX 5 
Reference Design Costs 
I tern 
CONCRETE STRUCTURES 
l .  1 Duck bodies 
Ballast  t r i m  
2 .1  Spine cylinder 
2.2 Spine joint  
3 Spine-duck bearing 
- Assemble and t e s t  
POWER MODULE 
1.2 Pressure vessel 
1 . 3  Gyro flywheel 
Hydraulic motors 
Control e tc .  
Assembly 
4 Mooring 
5 Elec t r ica l  generation 
and transmission t o  
Skye 
6 Construction f a c i l i t y  
7 Float-out and 
ins ta l la t ion  














3 . 2 ,  4 . 2 )  
( Amortising 
@ 7.1% p.a. '  
Dependence on 
diameter D o r  
power rat ing P 
21/30/38/11% 
( c / P / D / D ~  
(see sec. 3.3)  
APPENDIX 6 
Optimisation of Unit Costs 
This shows mean output  p e r  u n i t  cos t  ( reference  design = 100 (marked * l )  
a  function of duck diameter D and inpu t  ( ' front-end' power r a t i n g  P ,  assu 
a c o s t  breakdown of 28/28/28/16 f o r  the  reference design, t h a t  i s  28% cons 
28% each proport ional  t o  P and D,  and 16% t o  D ~ .  
NOTE: t h i s  r e f e r s  t o  the  d r a f t  (Oct. 1981) reference design. The revised 
(Nov 1981) design i s  a t  the  p o i n t  c i rc led .  
I t  should be noted t h a t  t h i s  c o s t  formula i s  bound. t o  become u n r e a l i s t i c  f 
la rge  departures from the reference design, p a r t i c u l a r l y  f o r  va r ia t ion  i n  
reduced below about 10m it sinks.  
Duck Product iv i ty  Supplement 2nd December, 1981. 
To be read i n  conjunction with "Product iv i ty  Analysis o f  S a l t e r  
Ducks (1981 reference design) " ( revised  version,  25th November, 1981) . 
Denis Mollison - (Heriot-Watt Universi ty)  
The u n i t  c o s t  of  the  1981 reference  scheme has been reca lcu la ted ,  
allowing f o r  some a d d i t i o n a l  c o s t s  recommended by Rendel, Palmer and T r i t t o n ,  
and using a discounted cash flow. The revised es t imate  of the u n i t  c o s t  is 
3.0p/kWh8 o r  3.3 allowing f o r  losses  through u n r e l i a b i l i t y .  The s e n s i t i v i t y  
t o  various assumptions is examined, e s p e c i a l l y  a s  regards c o s t s ,  r e l i a b i l i t y ,  
l i f e t ime  and the  discount  r a t e .  
Detai Is 
The revised  c o s t s ,  with the years  i n  which they become payable a r e  a s  
s e t  o u t  i n  Table 1. The n e t  p resen t  c o s t ,  discounting a t  S%,  i s  EZ8027m 
9 fo r  the  scheme. The discounted p roduc t iv i ty  i s  67.3 x 10 k m ,  o r  61.9 
b 
allowing f o r  losses  through u n r e l i a b i l i t y ,  leading t o  the  u n i t  c o s t s  given 
above. A s  w i l l  be seen from Table 1,  it has been assumed t h a t  the  main 
c a p i t a l  c o s t s  a r e  pa id  i n  year  0 (cons t ruct ion  f a c i l i t i e s ) ,  year  2 (maintenance 
f a c i l i t y  and h a l f  o f  the  b a s i c  transmission scheme) and year  6 (remainder of  
the  b a s i c  t ransmission scheme). One s t r i n g  of 108 ducks i s  b u i l t  i n  each of  
years  2 t o  9 ( t o t a l  864 ducks) ,  together  with i t s  connections t o  the  t r ans -  
mission scheme. Each s t r i n g  produces power f o r  25 years ,  s t a r t i n g  with the 
year a f t e r  it i s  b u i l t .  Maintenance cos t s  of E8.9m p.a.  a r e  pa id  i n  each of  
years  3 t o  34, although the  f u l l  scheme i s  only i n  operat ion i n  years  10 t o  27; 
t h i s  may be thought of a s  allowing f o r  e x t r a  maintenance t o  cope with any 
tee th ing t roubles  i n  years  3 t o  9 .  
TABLE 1 DISCOUNTED CASH FLQW FOR DUCKS 
I COSTS (Emi l l i on )  
(a) C a p i t a l  costs 
n e t  
b a s i c  d i s c o u n t i n g  
p r e s e n t  
c o s t  f a c t o r  
c o s t  
Year 0 : Cons t ruc t i on  f a c i l i t y  ,l6 1.0 
30 l46  Mech. b u i l d  and  t e s t  f a c i l i t y  
Year 2 : Maintenance f a c i l i t y  
3 basic t r a n s m i s s i o n  scheme 
Year 6: O the r  3 ditto 
(b) Annual Manufactur ing C o s t s  
Years  2 - 9 (108  ducks p .a . )  : 
Years 14 
C i v i l  s t r u c t u r e s  139.0 p .a .  85 4 
C i v i l  c o n s t r u c t i o n  f a c i l i t y  22 
Mechanical  components 68.6 " 42 1 
Mechanical  f a c i l i t y  1 .1  " 6, 14 (ii) 7 
p l u s  1% spares(l) 0.7 " 4 
F loa t -ou t  9.2 " 5 7 
I n s t a l l a t i o n  and mooring 6.2 " 3 8 
Connection to t r a n s m i s s i o n  scheme 21 - 0  " 129 
- 21: renew moorings (2 )  - - 
(c) Maintenance 
Years  3 - 34: Maintenance (3 )  
Years 3 - 27/10 - 34: Refurbishment  5.5 " 10.78 (iii) 59 
(1% o f  mech. components p . a . )  
TOTAL 14.4 p.a. 1 86 
TOTAL NET PRESENT COST OF SCHEME f 2027m 
I1 PRODUCTIVITY - 
Years  3 - 27/10 - 34: 
d i t t o ,  a l l owing  f o r  l o s s e s  through 
unre li a b i  li t y  
mean d i s coun t i ng  
o u t p u t  f a c t o x  
71 3MW 
9 
10.78 67.3 X 10 k 
I11 UNIT COST 
9 
Divide E2027m by 69.3 X 10 kWh, g i v i n g  3.01p/kWh; 
o r ,  a l l owing  f o r  u n r e l i a b i l i t y ,  d i v i d e  by 61 .9 ,  giving 3. 27F/kLr?. 
N O T E S  
(1) The allawance f o r  spa res  may seem small ,  a t  1% of the  mechanical components' 
cos t ,  b u t  it should be noted t h a t  our  u n r e l i a b i l i t y  losses a l ready allow 
f o r  reduced output  when components a r e  o u t  of action1 t o  have a l a r g e  
allowance f o r  spa res  a s  wel l  would be double accounting. In  any case, a 
s u b s t a n t i a l  allowance has been made f o r  refurbishment. 
(2)  Because ducks have low stress compliant moorings, it is thought unnecessary 
t o  renew them during the scheme's 25 yea r  l i f e .  
( 3 )  Including a f u l l  maintenance c o s t  from year  3 makes i m p l i c i t  allowance 
fox heavier  maintenance p e r  duck during the  i n s t a l l a t i o n  per iod  (years  
3 - 9) due t o  any t ee th ing  t roubles .  
Discount Factors  
I f  the  annual discount  f a c t o r  i s  X ,  here = 1/1.05 = .952, the  discounting 
f a c t o r s  are  given by : 
n 
(i) for  capltal cost in year n ,  d.£. = X 
(ii) f o r  c o s t  equal ly  spread over m yea r s ,  s t a r t i n g  i n  yea r  n,  
n m 
d.£. = X g(m), where g(m) = ( l -x  ) / (l-X) 
(iii) f o r  a sum divided i n t o  k equal  p a r t s ,  each spread over m years  
( a s  i n  ( 2 )  above), with s t a r t s  spread over the k years beginning 
i n  year  n ,  
S e n s i t i v i t y  Analysis 
The u n i t  c o s t  i s  s e n s i t i v e  t o  the  following main fac to r s :  manufacturing 
c o s t s ,  maintenance c o s t s  and u n r e l i a b i l i t y ,  de lays  i n  cons t ruct ion ,  l i f e t i m e  of  
scheme and above a l l  t he  assumed discount  r a t e .  
1. Manufacturing cos ts :  On t h e  E i v i l  s i d e ,  t h e  c o s t s  a r e  dominated by the s t ee l  
post- tensioning and reinforcements ; t h e  &sign team be l i eve  t h a t  these  amounts 
can be reduced by a t  l e a s t  h a l f .  On t h e  mechanical s i d e ,  t h e r e  should be scope 
f o r  reduct ions  i n  cos t ing  i f  f u l l  account is taken o f  the  advantages of  mass 
production o f  i t e m s  which have previous ly  only been produced i n  small  numbers. 
Overal l  it seems q u i t e  poss ib le  t h a t  the  c o s t s  o f  manufacture, and hence 
the  u n i t  ' cos t ,  could be reduced by about one-third. 
2 .  Maintenance c o s t s  and u n r e l i a b i l i t y  : Losses from u n r e l i a b i l i t y  are magnified 
by the add i t iona l  c o s t s  o f  maintenance t h a t  they impose (see  Figure 1)  . While 
a l o s s  of 20% would be regarded a s  quite s a t i s f a c t o r y  i n  the f i r s t  year  of  
operat ion a s i m i l a r  l o s s  r a t e  over the  25  year  l i f e t i m e  would be very poor. 
The device team be l i eve  t h a t  we can and should achieve a t  worst the  8% mean l o s s  
allowed f o r  i n  our  ca lcu la t ions  of  u n i t  cos t .  
3 .  Relays i n  construct ion:  Like a l l  wave energy designs,  the  scheme i s  modular, 
The major c o s t s  o f  manufacture of each p a r t  o f  the  scheme begin t o  be recouped i n  
the  following year;  the  b a s i c  c a p i t a l  c o s t s  represent  only 15% of t h e  n e t  p resen t  
c o s t  of  the  scheme. Thus i f  p a r t  o r  a l l  of  t h e  scheme i s  delayed by a year its 
share of the  c o s t s  i s  increased by only about o n e - s i x a  of the  assumed discount  
r a t e ,  i . e .  less than 1%. , 
4. Lifetime of  scheme: The s e n s i t i v i t y  o f  t h e  u n i t  c o s t  t o  v a r i a t i o n s  i n  the  
assumed l i f e t i m e  of 25 years  i s  shown i n  Figure 2 .  The u n i t  c o s t  decreases by 
about 2% f o r  each e x t r a  year  o f  l i f e  between 20 and 30 years;  t h e  l i m i t i n g  
value f o r  an assumed i n f i n i t e  l i f e  i s  about 2.4 p/kWh. (This r e s u l t  depends 
heavi ly  on t h e  assumed discount  r a t e  of  5% - see  below.) 
One i n t e r e s t i n g  case i s  where the  concrete s t r u c t u r e s  a r e  assumed t o  have 
a very long (100 year)  l i f e ,  while t h e  mechanical components a r e  replaced 
every 25 years. This leads  t o  a u n i t  c o s t  o f  2.6p/kWh, 20% below the  
reference case. (With a lower discount  r a t e  the  saving would of  course 
be more marked.) 
5. Discount r a t e :  F ina l ly ,  the  s e n s i t i v i t y  t o  v a r i a t i o n s  i n  the  assumed 
discount  r a t e  i s  shown i n  Figure 3.  With r e a l  energy p r i c e s  l i k e l y  t o  
continue t o  rise, and government s tock with a r e a l  r e t u r n  of 2 t o  3% 
s e l l i n g  w e l l ,  it seems d i f f i c u l t  t o  j u s t i f y  such a high discount  r a t e  
a s  5% f o r  energy p r o j e c t s .  
If w e  both  inc rease  the  l i f e t i m e  and lower the  discount  r a t e ,  we  of 
course produce a combined decrease i n  u n i t  cos t ,  a s  shown i n  Figure 4. 
Figure l :  S e n s i t i v i t y  t o  l o s t  p roduc t iv i ty  (The c o s t s  of maintenance 
and refurbishment have been assumed propor t ional  t o  0.5+ O.S(u/8) where 
U i s  the  % age o f  l o s t  product iv i ty . )  
Figure  2: Dependence of  u n i t  c o s t  on l i f e t i m e  of S a l t e r  ducks: 
(a) re ference  case,  assuming 5% d i scoun t  r a t e  ( s o l i d  
(b) a t  3% discount  r a t e  (dashed l i n e ) .  
l ine),  , 
Figure 3: Dependence of  unit c o s t  on d iscount  r a t e :  
( a )  re ference  case ,  assuming 25 year  l i f e t i m e  ( s o l i d  l i n e )  , 
(b) assuming 40 yea r  l i f e t i m e  (dashed l i n e ) .  



















































































































































EDINBURGH UNIVERSITY WAVE ENERGY SCHEME 
APPROXIMATE GENERATION AND TRANSMISSION LOSSES 
Variable losses  
(propor t ional  t o  
Normal load Fixed l o s se s  power2) 
2248 MW E l e c t r i c a l  
Generation (3%" f ixed  
+2% va r i ab l e )  
*Individual  1.2 MW % 
genera t o r s  
128 km 3 .3  kV cables  
@ 100 wattsirnetre 100 .m 
144 - 3-3/33 kV 
20 MVA t ransformers 100 3.5 
33 kV cables  
8 - 33/132 kV 300 MVA 
t r a m  £0 rmers 100 1 . 3  
72 km 132 kV of O/H l i n e  
@ 100 wattslmetre 80 m 
3 X l100 MVA 1321400 kV 
transformers 67 3 .2  
3 X 35 km 400 kV 1300 mm2 
XLPE cables  @ 110 wat ts /  
metre 67 l 
Total  individual  losses  76.5 146.6 
Tota l  losses  223.1 MW 
C O S T I N G  O F  T H E  2 G W  S C H E M E  
COSTING OF THE 2GW SCHEME 
8.1 Device Team's Costing 
8.1.1 Summary of Costs 
8.1.2 Electrical Costs 
8.1.3 Component Cost Analysis Sheets 
8.1.4 Bills of Quantities 





































8.1.2 E l e c t r i c a l  C o s t s  
We have made use  of equipment c o s t s  c o l l e c t e d  
f rom t h e  many c o n t r a c t s  be ing  e n g i n e e r e d  by t h e  
f i r m  and a d d i t i o n a l l y  we have o b t a i n e d  budge ta ry  
q u o t a t i o n s  f o r  i t ems .  T h i s  i n f o r m a t i o n  h a s  
e n a b l e d  u s  t o  draw up mean p r i c e  l e v e l s  and t o  
p l o t  r e l a t i o n s h i p s  between r a t i n g  and c o s t .  
I n  g e n e r a l ,  t h e s e  c o s t  t r e n d  c u r v e s  have been 
used t o  examine a l t e r n a t i v e  a r rangements  and a s  a 
b a s i s  of t h e  c o s t  e s t i m a t e s ,  
For  t h e  c a b l i n g  w i t h i n  and p a r a l l e l  t o  t h e  s p i n e ,  
t h e  po in t - to -po in t  d i s t a n c e s  have been m u l t i p l i e d  
by a  f a c t o r  of 1.1 t o  d e t e r m i n e  t h e  l e n g t h s  of 
c a b l e .  For  t h e  o t h e r  submarine  c a b l e s  and t h e  
overhead l i n e  r o u t e s  a  m u l t i p l y i n g  f a c t o r  of 1 ,2  
h a s  been used.  
The c o s t  of i n s t a l l a t i o n  f o r  t h e  main submarine 
c a b l e s  has  been d e r i v e d  from d i s c u s s i o n  w i t h  
Wharton Wil l iams who have e x p e r i e n c e  of t h e  
l a y i n g  of o i l  p i p e s .  The l a y i n g  equipment and 
p rocedures  r e q u i r e d  f o r  c a b l e s  i s  n o t  d i s s i m i l a r  
t o  t h o s e  f o r  o i l  p i p e s ,  and e x p e r i e n c e  of h i g h  
v o l t a g e  c a b l e  l a y i n g  i s  i r r e l e v a n t  because  of t h e  
d i f f e r e n c e  i n  s c a l e  of t h i s  p r o j e c t .  Other  
c a b l e s ,  such  a s  t h o s e  w i t h i n  t h e  s p i n e  have been 
a l l o c a t e d  30 p e r  c e n t  of t h e  s u p p l y  c o s t  t o  cover  
i n s t a l l a t i o n .  
A l l  t h e  t r a n s f o r m e r s  and s w i t c h g e a r  have been 
a l l o c a t e d  40 p e r  c e n t  of supp ly  c o s t  f o r  
i n s t a l l a t i o n .  Th is  i s  h i g h e r  t h a n  f o r  normal 
a p p l i c a t i o n  where 25 p e r  c e n t  i n c r e a s e  i s  
commonly used.  
The overhead l i n e  c o s t s  a r e  based upon normal 
p r a c t i c e  and t h e  g e n e r a t o r  i n s t a l l a t i o n  c o s t s  
a l s o ;  i n  t h e  l a t t e r  c a s e  25% has  been used.  
The i t e m  c o s t s  a r e  d e t a i l e d  i n  t h e  f o l l o w i n g  
t a b l e .  The con t ingency  c h a r g e s  have been agreed  
w i t h  t h e  C o n s u l t a n t s .  
COST ESTIMATES 
No. Rate Total 
f f 
ITEM 1 280MW SPINE & DUCK EQUIPMENT 
1.2MW Gen + Switchgear 3.3kV 
3.3kV Flexible cables 20m of 50mm 2 
2 3.3kV Cable 9 5 m  . 18x890m 
3.3kV Barrier bushings 
3.3kV Fuses + busbars 
3.3/33kV 20MVA transformer 
33kV Cable 185rum2 2673m 
33kV Cabhe 400mm2 10692m 
33kV Barrier bushings 
33kV 5 Panel Sw.Boards 
33/132kV 300MVA transformer 
132kV 4 Sw.Pane1. 6 per 8 transformer 
Total 
f 
280MW Spine & Duck Equipment 
ITEM 2 TRANSMISSION TO S.UIST 
132kV 1600mm2 Cable 45km 6 255/m 68,850,000 , 
2 132kV 1600mm 1ntercon.Cable 6446111 5 255/m 8,218,650 
2 132kV lOOOmm 1nrerron.Cablc 6646m 2 2 2 5 / m  2,900,700 
Control & Monitoring cable 181km 30/m 5,430,000 
2000MW Sea-Shore Transmission 85,399,350 
ITEM 3 S.UIST AND SKYE 
132kV 14 CB. Bays 
132kV 50 MVAR Shunt reactors 
132kV O/H Lines Double CCT Twin ACSR 
132kV 16 CB Bays 250rmn2 
132/400kV llOOMVA Transformer 
33kV, 1OOMVA.R Shunt reactors 
33kV Swgr + Conns 
Monitoring & control 
400kV 14 CB Bays 
400kV Cable 1 3 0 0 ~ 1 ~ ~  056km 
4 TOTAL COSTS - 2246MW 
Total 
2246 MW Generation 86,112,000 
Spine Collection (48,827,000) 
126,125,000 ( ) 
Spine-Shore Transmission (85,400,000) 
S.Uist Transmission 25,360,000 
Cables to Skye 
Total 
Contingencies 
Submarine items 15% 
Others 102 
Submarine costs (121,629,000) 18,244,000 
Other costs (160,299,000) 16,030,000 
Engineering & Management 
costs not included 
Totnl ront  i n g n t ~ c i c n  
SCHEME COST £316,203,000 
* 1979 Costs  increased by 20% for inflation and for the increased generator 
and cable route lengths 
f Comprises 5X engineering and 10% contingencies as in the l979 report. 
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C O M P O N E N T  C O S T  A N A L Y S I S  
ITEM 




ASSEMBLY OF MACHINERY 
TESTING 
FLOTATION TO SITE 
ASSEMBLY ONTO DUCK 





















1 5 0  
5 




(E /T)  
9 7 5  
3 7 0  








) INCLUDED IN BILL OF QUANTITIES APPENDED 









(E 000' s)  
146 .25  
1 . 8 5  
140 .00  




R E F .  I T E M  
DUCK U N I T S  ( C o n t d . )  
POWER T / O  SYSTEM (DUCK) 
GYRO D I S C S  
GYRO SHAFT ASSEMBLY 
GYRO SHAFT BEARINGS 
GYRO S P A C E  FRAME 
FRAME BEARINGS 
DRIVE HYD. MOTORS 
R I N G  CAM PUMPS 
RING CAMS 
R.C.P.  MOUNTING 
SUPPORT STRUCTURE 
HYDRAULIC P IPEWORK 







2 5 6  
8 
6 4 
2 S E T S  
2 S E T S  
S T E E L  
S I Z E  
DEPEND. 





( C O S T )  
QUOT . 
QUOT 
R P T  
R P T  
QUOT . 






P E R  
DUCK 









DUCK UNITS ( C o n t d . )  
POWER T/O SYSTEM ( ~ o n t d . )  
GENERATOR DRIVE HYD. MOTOR 
EDUCTOR PUMP 
BLACK START EQUIPMENT 
VACUUM PUMP 
HEAT EXCHANGER 


















( £ I T )  

















(E 0 0 0 '  S) 


























SUPPLY & INSTALL EPOXY JOINT 
N.B. S e e  N o t e  on p a g e  9. 







; , D , D ~  E 
ETC. 
SEE BILL OF QUANTITIES APPENDED 
% 
COST 
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C O M P O N E N T  C O S T  A N A L Y S I S  
I T E M  
S P I N E  (contd.1 
S P I N E  CYLINDER ( C o n t d . )  
ASSEMBLE S P I N E S  & DUCKS 
( Inc luding supp ly  of 
bearings,  H o o k e '  s J o i n t  
shroud and seal)  
F I X  BALLAST TANKS I N  S P I N E S  
WALKWAYS, AIRLOCKS & MISC. 
STEELWORK 
S P I N E  J O I N T  





N.B. See N o t e  on page 9. 
Q=. 
P E R  
DUCK 
MATE R I  AL 
INCLUDED 
I n c l u d e d  i n  
S p i n e  






OTAL T H I S  




P E R  
DUCK 
( £ 0 0 0 '  S)  
TOTAL 
c05t6 
E x 1 0  





SPINE ( C o n t d . )  
SPINE JOINT ( C o n t d , )  
HOOKE'S JOINT SPIDER 
HOOKE'S JOINT BEARINGS 
RUBBER HOOKE'S JOINT BEARINGS 
RAMS 
RAM SUPPORT 
RAM ENDS (MECHANICAL) 
RAM ENDS (RUBBER) 
N , B .  S e e  n o t e  o n  p a g e  9.  




















( £ I T )  
1 














i n  C i v i l  
TOTAL 
COST 
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R E F .  
2. 
2 . 3  
I T E M  
S P I N E  ( C o n t d . )  
POWER TAKE O F F  SYSTEM 
(MECHANICAL) 
HYD. MOTOR (PRIMARY-SURGE) 
HYD. MOTOR (PRIMARY-HEAVE) 
HYD, MOTOR (SECONDARY-SURGE) 
HYD. MOTOR (SECONDARY-HEAVE) 
HYD. MOTOR (GEN. D R I V E )  
HYD. MOTOR (FLYWHEEL) 
FLYWHEEL LAMINATIONS 
FLYWHEEL SHAFT A S S Y ,  
FLYWHEEL BEARINGS 
FLYWHEEL MOUNTING 
HYDRAULIC P IPEWORK 
C O M P O N E N T  C O S T  A N A L Y S I S  
QTY, 
P E R  
DUCK 
MATERIAL 
S I Z E  
DEPEND. 
: , D , D ~  E 
ETC.  
N.B. F o r  a l l  s p i n e  e q u i p m e n t ,  w h e r e  an i t e m  a p p l i e s  t o  a n u m b e r  
of ducks ,  w e i g h t s a r e d i v i d e d  by t h a t  n u m b e r  t o  g i v e  
w e i g h t s  p e r  duck. 
WEIGHT 
(TONNE S ) 
COST 
RATE 
( £ 1 ~ )  
SOURCE 
( C O S T )  
% 
COST 
FROM PRIMARY SYSTEM 
) £ 4 5 0 / 1 0 0 m  (QUOT. - B S c )  
( E 1 . 6 m  t o t a l )  
TOTAL T H I S  PAGE 
RUNNING TOTAL 
COST 
P E R  
DUCK 





) 1 0 . 2 5  
1 
1 
1 2 . 9  
1 7 0 0 . 8  
TOTAL 
C O S T  
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C O M P O N E N T  C O S T  A N A L Y S I S  
REF. ITEM 













: , D , D ~  E 
ETC. 
WEIGHT 
,TONNE S ) 
2 2 6 0  






4 5 2 0 0  
6 0 0 0  
3800 
5 0 0 0  
% 
COST 















SPINE - SHORE TRANSMISSION 
S. UIST TRANSMISSION 
CABLES TO SKYE 
SUBMARINE ITEMS 
CONTROL SYSTEM 





MATERIAL 1 c ,D, D2 E WEIGHT (TONNES) SOURCE (COST) 









(EOOO' S )  
9 9 - 7  
56.5 
99 .0  
29.4 
4 1 . 9  
21.0 
18.5 
3 6 6  .O 
2 3 3 1  -8 
TOTAL 
COST 
f x l O  6 
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C O M P O N E N T  C O S T  A N A L Y S I S  
REF. ITEM 
CONSTRUCTION 
CIVIL  FACILITY 












S I Z E  
DEPEND. 







2 9 x 1  0 
6 
,113.a 






















2 3 3 . 5  
2 5 6 5 , 3  
TOTAL 
COST 
f x l O  6 
58.0  
113.8 
30 .0  
2 0 1 . 8  
2216 .5  


BILL OF TITIES 
0 
1.1.1 *\provision of General Items ( including 
"500rn .I of causeway) I 
"3 
- 227 - 
I 
i [<lLL OF QUANTITIES - PART 1 CIVIL CONSTRUCTION OF DEVICES I 
I l I i % MILLION 
ITEM '1 DESCRIPTION :QuANTITYUNIT'~RATE S 
I 
l I 
l-. 1.2 .,Provision of Pre Cast Concrete Factory I 
l 
! 
'(area to be established by Development / /I 
'TeBm. ) i - // l ! 




1.1.5.1rovision of large span roofed area (if l 
'l ;required). l 10000 
L 
I 11 ( 1  
'FOST CENTRE 1.1 PROVISION OF CONSTRUCT1 FACILI* b I 'I 
' / 1.1.6ilProvision of road and rail connection I 
i I 




I1 I 4' 
1.1.7: rovision of particular items to complete 
I I 
Ehe type of facility selected by Develoi(- 








1.1.8 $peration and maintenance of General i 
ktems, Buildings and Services (~ur- I 
l 
I tion to be established by Develop- 
'l 
l 




I; TOTAL for ONE FACILITY 
I; 
l 
. l  
1 pstimated number ofDevices constructed I 
jpn ONE facility p54 1 
l 
PENCE proportion of facility cost per 
bevice Unit 1 I 










j .0005j! 5.x 
.E50 / 8.5c 
I 
1 
'1 sum I 55 




BILL OF Q@ANTITIES - 
COST CENTRE 1 . 2 CONCRETE STRUCTURES 
CONSTRUCTIOPJ ON bAM) 
Concrete 
I n  s i  t u  (excluding fomwoxk measured 
i n  Secxion 2.0 ,  
A. In  s i t u  gta  Coqcrete 
Pre  c a s t  t,ncfludlng reinforcement  
/ l  CIVIL CONSTRUCTION OF DEVICES 
i 
formwork and assembly, exc luding  pre-  
s t r e s s i n g  measuxed' i n  S e c t i o n  4.0) 
Formwork 
Permanent void former 
D i f f i c u l t  (e. g. i n  conf ined  l o c a t i o n s ,  
l o w  re-use ) . 
Curved t o  one r a d i u s  i n  one p l a c e  
(e.g. c y l i n d e r )  
Other curved (e.g. dome ) 
Propped (e.g, s o f f i t )  
General  (all o t h e r  s i t u a t i o n s )  
Not used. 
Reinforcement 
1.2.1 .For i n  s i t u  concre te ,  baf diameter  I 
. not  exceeding l2mm 
. D i t t o  bar diameter  exceeding 12mm 
Pres t r e s s i n q  . Pre- tens ioning  for pre-cas t  concre te  
u n i t s  
. Post - tens ioning  w i r e  s y s  tern, tendon 
l e n g t h  l e s s  than  10m 
. D i t t o ,  tendon l e n g t h  from 10 t o  50m 
1.2.1 . D i t t o ,  tendon l e n g t h  g r e a t e r  than  50m 
1.2.1 .Pos t  t ens ion ing  b a r  system I 
l I/ 
11 c/f  t o  C o l l e c t i o n  Page 6 
1 I 























BILL OF QUANTITIES , p- 
CIVIL CONSTRUCTION OF DEVICES 
£ MIL 
RATE DESCRIPTION QUANTITY MXT -
Part : 
3.2. 
DEVICE SPECIFIC ITEMS contd, 
Special temporary wc tks items 
(excluding cost of facility in Cost 
Centre 1.1.) 
(To be completed by Development Team) 
Establish Casting Area 
Establish Gantries and lifting gear 
Operation and Maintenance of Casting 
Area and Gantries 
l 
I 
c/f to Collection Page 6 1 
BILL OF QUANTITIES - PART 1 
CIVIL CONSTRUCTION OF DEVICES 
ITEb 
Part 




P a r t  
DESCRIPTION QUANTI TY RATE 
COST CENTRE 1 2 .  CONCRETE STRUCTURES 
COtLECTION 
General Items Construction on Land 
General I terns Construction over Water 
Device Specific Items 
Other Permanent Work 
S p e c i a l  Temporary  Work 
Sub Total 
ADD 5% of Sub T o t a l  for Miscellaneous 
F i t t i n g s .  
c/f to SUMMARY 
31LL OF QUANTITIES - PART 
ZIVIL CONSTRUCTION OF DEVICES 
DESCRIPTION 
COST CENTRE 1 . 5  FLOAT OUT 
NOTE: Costs  here are f o r  f l o a t  out  an 
tow t o  deep water s torage  NEARBY. 
Costs f o r  towing to a holding area p r i  
to f i n a l  p o s i t i o n i n g  are included 
i n  INSTALLATION SECTION 
Float  out  Devices ( i . e .  c o s t s  f o r  
operating the f a c i l i t y  type s e l e c t e d  
by the Development Team S h i p l i f t  
Allowance for towing Device Units to  
temporary deep water storage area 
nearby (provision of tugs) 
o t h e r  a t t e n d a n t  v e s s e l s  
Sub Total Annual Charges 
Provision of moorings at temporary 
storage area nearby 
TOTAL a t  ONE FACILITY 
Estimated number o f  Devices construct@ 
Hence proportion o f  Float  Out c o s t  
p e r  Device Unit 







- 233 - 
I31 LL O F  !ANTI I'1 E5 - PART 1 -- 
, 
05'1 ,' SUMNARY WITH STANDARD RATES 
YTIZB I PER DEVICE UNIT 
I 
1 .l. f P r o v i s i o n  of C o r l s t r u c  t i o n  lncil i t y  
'I 
1 . 2 .  , C c m c r e t e  Structures 
L. 3. j Steel Structures l 
1.4. 1 Install Machinery 
c $1  (EXCLUDES connoc t i o n  and c n m n l i s s i o n i n d )  
L .  5 .  ,I F l c ~ a t  @at t r ~  tcrnporary s torage area , 
4 .  : (EXCLUDES tow to h o l r l i n g  area) 
TOTAL FOR ONE U N '  
I , 
l* Total number of Dcy/ices R e q u i r e d  864 
I1 
Hence TOTAL C I V I L  C ~ N ~ ~ T I Z U C T I O ~ J  C ST , 
11 
I MAINTENANCE FACILITY 
A I Construction of basic facility l 
B Operation of basic facility 
C ,, Additional costs for lifting devices j 
l 
I out of the water : Construction , l 
D / D i t t o  : Operation I I





: 864 = 310185 PER DUCK 
TOTAL 
,; m o o  
/ I  
!I 
l 
IUPT~ ~~~xaaei~ xnoqq au~w -avn "~7 I 
SFaoJ. raara >run a~un Aayau~ng l,sa~snosa~ 1 poql~lnl sal 1 
NOI&~??VII SNI S3J.n 3AIJVN&3&lV d0 dn 3XVM 

FUKB UP Ot ALTERNATIVE RArrS CASTING AREA (DUCKS & SPINES) 
MAKE UP OF ALTERNATIVE W E S  ASSEMBLY OF U N I T S  I N  STORAGE AREA 
CONNECT S P I N E S  TO DUCKS 
I tern Method L Resources Quantity Unit Unit Rates Totals Pr I nr Cost Addi t '.,III% 
Lab. M a t .  Plant Labour Material Plant  3 5 % ~  
A B C D E F G H CXE J r W K o ChG L L H+J+h M a L 
mm 

8.1.5 Base F l e e t  Cos ts  
1. Vesse l s  Dai lv  O ~ e r a t i n e  Cos ts  
Ocean Going Tug 8000 IHP 96T Bolland P u l l  
( i nc lud ing  Navigat ion Package) 
Ocean Going Tug 6000 IHP 60T Bolland P u l l  
Dive Support Vessel  
( i n c l u d i n g  Diving Team Crew, Fuel 
V i c t u a l s ,  e t c . )  
Escor t /Naviga t ion  Vessel  
Supply Boat 
2. Tow Out t o  I n s t a l l a t i o n  S i t e  
The Device w i l l  be towed from t h e  
c o n s t r u c t i o n  s i t e  (Hunters ton)  t o  t h e  
i n s t a l l a t i o n  s i t e  approx. 40 Km of f  t h e  
west coas t  of t h e  Outer Hebrides.  
The Towing Conf igura t ion  w i l l  be:- 
2  X Ocean Going Tugs 96T Bol la rd  P u l l  
on main tow l i n e  
1 X Ocean Going Tug 60T Bol la rd  P u l l  
on s t e r n  pennant l i n e  
1 X Escor t  Navigat ion Vessel  
Assume 5 days f o r  towing 
2 X Ocean Going Tug 
1 X Ocean Tug 
1 X Escort /Navigat ion Vessel  
Towing A n c i l l a r i e s  - (Buoyancy Towing 
Hawser, e t c . )  
N.B. Maximum Towing Speed 2.112.3 Knotts 
3. I n s t a l l a t i o n  
The device  w i l l  be i n s t a l l e d  u s ing  a  p u l l  
i n  technique  whereby one device  i s  
i n s t a l l e d  on i t s  moorings and t h e  next  dev ice  
i s  pu l l ed  i n  t o  mate up wi th  hyd rau l i c  
l a t c h e s  around t h e  circumference of t h e  
mating f lange .  
8.1.5 Base F l e e t  Costs(Continued) 
It i s  e s t ima ted  t h a t  each i n s t a l l a t i o n  
w i l l  t a k e  approximately 5 days i n c l u s i v e  
of i n s t a l l i n g  t h e  moorings. 
1 D.S.V. X 5 days 
1 Tug X 5 days 
Pu l l - i n  Winches 
(Pu l l - i n  winches w i l l  be mounted on t h e  
devices .  The winches w i l l  be removed and 
re-used. ) 







Tow from storage area to location at 
sea in 1 Km length 40 No 187.65 7506.00 
Join into 5 Km lenths 32 JTS 516.80 16537.60 
Moorings 864 No 30.00 25920.00 
864 Units = g57830 Per Duck 
Construction Facility (operation and capital cost allocation) 13171 8.00 
Concrete Structures (including Spine Jointing) 1286840.00 
2 J  
Supply and install machinery (in test facility and spares) 715333.00 
Float Out (including Ship Lifts and Temp. moorings) 85596.00 
Maintenance Facility (establishment and operation) 3101 85.00 
Ins tallat ion at Sea (including permanent moorings ) 
Electrical Generation Transmission and Installation 
X 864 total for scheme 
S E C T I O N  9 
A P P E N D I C E S  
APPENDIX A 
LIST OF COMPANIES PARTICIPATING 
We g r a t e f u l l y  acknowledge t h e  i n t e r e s t  and s u p p o r t  of t h e  
f o l l o w i n g  o r g a n i s a t i o n s ,  among o thers : -  
Ampohm Ltd.  
Andre Rubber Company Limited 
Avon Rubber Company Limited 
B.P. O i l  Limited 
Bradford  C y l i n d e r s  Limited 
B r i t i s h  Oxygen (Cryoplan t s )  Limited 
B r i t i s h  Ropes Limited 
B r i t i s h  S t e e l  Corpora t ion  
Bryant  Symons Ltd.  
CEGB Re s e a r c h  Limited 
Dunlop Limited 
Dunlop Limited 
Easams Ltd.  
F i r t h  Brown Limited 
G l a c i e r  Metal  Company Limited 
W.H. Gore Limited 
Har land & Wolff Limited 
H e r i o t  Watt U n i v e r s i t y  
Inco  Europe Limited 
F.H. Lloyd Limited 
McTaggart S c o t t  Limited 
Markham & Company Limited 
Markon Engineer ing  Limited 
Monro & M i l l e r  Limited 
Mullard  Limited 
P i r e l l i  Cables  Limited 
P l a s t i c  Coa t ings  Limited 
P o c l a i n  Limited 
Redman Broughton L imi ted  
Reddi tch  
London 






Tot  tenham 
Leatherhead 
Birmingham 
Liverpoo l  
Fr imley 
S h e f f i e l d  
Alper ton  
Dunfermline 









E a s t l e i g h  
Gui ld ford  
Marlow 
Birmingham 
Appendix A Continued 
Redpath Engineer ing  Limited 
Re inforced  P l a s t i c  S t r u c t u r e s  Limited 
Rexroth  Limited 
Smiths  I n d u s t r i e s  Limited 
Sunder land P o l y t e c h n i c  
SunterIITM Limited 
Towler H y d r a u l i c s  L imi ted  
Uni roya l  Limited 
Von R o l l  
Whessoe Limited 
Y-ARD Limited 
G 1  engarnock 
Lancing 






Z u r i c h  
D a r l i n g t o n  
Glasgow 
UNIT 8, ENFIELD INDUSTRIAL ESTATE, 
REDDITCH, WORCESTERSHIRE, B97 6BG, ENGLAND. 
TEL:  REDDITCH (0527)  6- 
CABLES: AMPOHM REDDITCH 
Your Ret 
Our R& 
E JO/SN/ 2 
16 October  1981 
P B Wil l iams Esq 
John Laing Design A s s o c i a t e s  L t d  
PO Box 3 3  
Page S t r e e t  
M i l l h i l l  
LONDON 
NW7 2ER 
Dear M r  Wi l l i ams  
I conf i rm o u r  t e l e p h o n e  c o n v e r s a t i o n  o f  1 5  October  refer r ing  t o  t h e  
magnet e l e m e n t s  i n  t h e  U n i v e r s i t y  o f  Edinburgh Wave Power P r o j e c t .  
A s  promised,  I e n c l o s e  c o p i e s  o f  t h e  c o r r e s p o n d e n c e  t o  d a t e  and w i l l  
a r r a n g e  t o  p r o v i d e  you w i t h  c o p i e s  o f  f u r t h e r  c o r r e s p o n d e n c e  on t h i s  
i t e m ,  We w i l l  a l s o  p r o v i d e  you w i t h  c o p i e s  o f  le t ters  r e c e i v e d  from 
t h e  U n i v ~ r s i t y ,  
We a s s u r e  you o f  o u r  keen i n t e r e s t  i n  t h i s  p r o j e c t .  
Yours s i n c e r e l y  
f o r  AMPOHM L I M I T E D  
E J OGLE 
Managing D i r e c t o r  
DIRECTORS: E.J. OGLE, (Managtng) - J.M. MORRISON N.D.  OGLE B.J. KENNY 
Rggifisrad in England- 947422 R w i a e r d  Office: Tudor House, Redhill Lane. Worcester 
ANIDR~ RUBBER COMPANY LIMITED 
KING5TON-BY-PASS URBITON SURREY KT6 7LY ENGLAND TELEPHONE 01-397 5272 TELEX 25636 ANSlL G TELEGRAMS ANDRC SURBITON 




LONDON NW7 2ER. 
For the attention of 
Mr. P.B. Williams. 10 November 1981 
EGJ/jpn 
Dear Sir, 
SalterILaing Wave Energy 'Nodding Ducks' 
We confirm having completed our feasibility study and budget estimates, 
which are as follows:- 
Description Ouantity Price Each 
Gimble bearing 2000 E 4000 each 
Rod end half bush 16000 E 1000 each 
Rolling seal AR 28266 - Tyrecord 500 £12000 each 
- Kevlar E16500 each 
Rolling seal AR 28267 - Tyrecord 4000 E 1500 each 
- Kevlar E 4500 each 
The above prices are budget only but do take account of the full amortization 
of the tooling required. 
The volumes required are such that our present manufacturing capacity would 
almost certainly not be able to produce at a satisfactory rate and it is 
likely that two further presses would have to be considered. In my opinion 
the purchase of these presses, including ancillary equipment, installation 
and commissioning, would cost approximately E500,OOO. 
This cost has in no way been incorporated into our budget prices, and to 
obtain a truefigure in respect of volume rate and unit cost one should 
amortize this cost across the gimble and rod end half bush. 
One further item of cost to be considered is that it would be necessary for us 
(continued) 
3.1dre Fu:~:Iz~ Company L~m~ted ISregistered In England NO. 57410 
? ibbs~alary of 5 7 R  Lm~ted 
h q ' b r i . r e d  Office Sllvertown House V~ncent Square London SWlP 2PL 
A ~ r , r m v r d  to defence standard 05-21 Reglstrat~on No 19AA01 
to produce models, at least of the rod end half bush and gimble, in order 
to fully evaluate its performance and carry out simulated life cycle tests. 
The mould tools and test equipment costs of this work would be the 
subject of a development contract which we would budget at approximately 
£150,000. 
In summation, we would confirm that the items listed are within our 
current manufacturing technology although the sizes and production volumes 
are outside our present experience - but we in no way see that as a major 
problem. 
Assuring you of our closest co-operation at all times, 
TJe remain, 
Yours faithfully, 
ANDRE RUBBER COMPANY LIMITED 
e13. S .G. %Ak, J Q ~ I  . 
E.G.  James, 
Director & Business Manager - Engineering. 
Your Ref 
BP House Victoria Street London 
Ourref LUBS/TS 
Laing P r o j e c t  Assessment & 
Development L imi ted  
P 0 Box 31 
Page S t r e e t  
M i l l  H i l l  
London NW7 2ER 
Tel 01-821 2804 
Date 26 Oc tober  1981 
For  t h e  a t t e n t i o n  o f  M r  P B Wi l l i ams  
A l t e r n a t i v e  Energy Group 
Dear M r  Wi l l i ams  
With r e f e r e n c e  t o  o u r  r e c e n t  t e l e p h o n e  c o n v e r s a t i o n  c o n c e r n i n g  t h e  
h y d r a u l i c  f l u i d s  f o r  t h e  S a l t e r  "ducks", I have reviewed my n o t e s  
and t h e  i n f o r m a t i o n  p rov ided  by o u r  Resea rch  C e n t r e  c o l l e a g u e s  
f o l l o w i n g  o u r  mee t ing  i n  November 1979. 
On t h e  t e c h n i c a l  a s p e c t s ,  t h e r e  a r e  e s s e n t i a l l y  no changes  t o  o u r  
o r i g i n a l  recommendations; t h u s  we s t i l l  f e e l  t h a t  t h e  l u b r i c a t i o n  
r e q u i r e m e n t s  o f  t h e  s e a l e d  pods would b e s t  be  met  by a s p e c i a l  
narrow c u t  low v i s c o s i t y  m i n e r a l  o i l ,  and t h o s e  o f  t h e  l i n k a g e s  
by a c o n v e n t i o n a l  h y d r a u l i c  o i l ,  p o s s i b l y  w i t h  enhanced c o r r o s i o n  
i n h i b i t i o n .  
As f o r  t h e  commercial  c o n s i d e r a t i o n s ,  w h i l s t  I am i n  no p o s i t i o n  
t o  q u o t e  a c t u a l  p r i c e s ,  I s u g g e s t  t h a t  i f  you a p p l y  a f a c t o r  o f  
1.5 t o  t h e  o r i g i n a l  November 1979 p r i c e s ,  t h i s  shou ld  p r o v i d e  
s u f f i c i e n t l y  a c c u r a t e  f i g u r e s  f o r  t h e  purposes  o f  y o u r  c a l c u l a t i o n s .  
I shou ld  emphasise  t h a t  t h i s  does  n o t  c o n s t i t u t e  a q u o t a t i o n  and I 
would a l s o  r e i t e r a t e  o u r  e a r l i e r  comments t h a t  t h e  o r i g i n a l  p r i c e s  
were themse lves  b e s t  e s t i m a t e s .  
May I t a k e  t h i s  o p p o r t u n i t y  t o  w i s h  you s u c c e s s  i n  t h e  re - submiss ion  
of  your  p r o j e c t .  P l e a s e  c o n t a c t  me a g a i n  shou ld  you r e q u i r e  f u r t h e r  
i n f o r m a t i o n  o r  a s s i s t a n c e .  
DR R CECIL 
Telephone (switchboard) Telex 881 1151 Heg~stered in England He~islrred Of t~ce  
01-821 2000 Beepeeoil London SW1 No 44691 5 BP House Vmor ia  Street 
Authorised User of Trade Marks Condun SW1C 5NJ 
P.O.BOX 31, 





AI lerton Road, 
Bradford, Yorkshire 







Our ref A~A/NR/E330514 
7or the a t tea t ion  of Mr,PoB,Williarns, Date. 6th November 1981 
)ear Sirs, Confirmation of our te lex 23.10.81 
Your -- Enquiry Ref :& Telephone -. - - oonversation Dated : 6.11.81 
We thank you for the above enquiry and have ple&ure in quoting as follows:- 
WVE ENPlGY GROUP - S A L m  DUCKS 
8 - Off 610mm bore X 25Om dia rod X 2200mm stroke Bradford Hydraulic cylinders, 
(Nodding Ducks) of the double acting class,  Rear flange mounting. Piston 
rod terminating i n  a male screwed rod end, Cylinder sui table  f o r  a m a x i m u m  
working pressure of 6000 p. S, i. The hydraulic cylinders would have a service 
l i f e  expectancy of 25 years when operating i n  a sealed chamber pressurised 
to 1.5 atmospheres with i n e r t  gas, 
PRICE:-£22,000.00 each. 
This Quotation Does Not Include V.A.T. 
-- - - - -- . - -- - -- --p . -- 
'LEASE P- NOTE : To cover the cost of documentation a surcharge of £10.00 wi l I be added to 
orders of less than £75.00 in value. 
IELIVERY: weeks from receipt of your order subject to confirmation at that time. 
-ERMS: 30 days nett from date of despatch ( packing and carriage charged extra) . 
Ye trust that this offer i s  acceptable and look forward to receiving your order instructions ir 
he near future. 
Yours faithfully 
for and on behalf of 
BRADFORD CYLINDERS LTD. 
CONDITIONS W SALE OVERLEAF 
-- 
A ~crnberof  theTHORN EM1 Group THORN Regd In  England N o  1 2 3 0 7 7 7  
John Laing Design - 6.11~81 Sheet 2 ,  m N U A m N  SHEET 
Under f u l l  production oircwnstances where lasge quantities were required, 
say 10,000 units in  to ta l  a t  a theretioal production ra te  of 10 cylbders  
per week, a signifioant reduction i n  manufacturing costs could be achelved 
and under such circumstances our b-et price would be £15,000,00 per 
cylinder, 
Terms and conditions to be agreed, 
Validity 120 days. 
Yours faiWul.ly, 
EiRADFORD CYLINDERS LTD. 
A,VeAttwood, 
Commercial Manager. 
Corby Works, Corby, Northamptonshire 
Telephone Corby (053 66) 2121 Telex 34418 Telegrams Tubemakers Corby Northants Telex 
VAT Reg. No. 238 7122 60 
JCHk L A i N G  D E S i G N  ASSOCIATES 
P E kltllAWS 
H I L L  HILL 
LLhCGh f w 1 7  2kR 
Wtf HQ f33555 /CTTIB1  
2 h;bV b i  
ALT t R & A f  f VELY 
P H I C ~ S  MILL B E  THOSk NULIkV3 A T  OATE OF DESPAICH.  
r * 
All contracts subject to the conditions printed on the back hereof. All quotations are subject to confirmation in writing by the Corporation on receipt 
of the order from the Buyers. The contract shall be concluded by such confirmation and take effect from the time of despatch thereof to the Buyers. 
ei Corporation 
sion 
Corby Works, Corby, Northamptonshire 
Telephone Corby (053 66) 2121 Telex 34418 Telegrams Tubemakers Corby Northants Telex 
VAT Reg. No. 238 7122 60 
REPLY CUA BY 
REF HQ 133559/0T7/81 
2 ACV S1 
Ail contracts subject to the conditions printed on the back hereof. All quotations are subject to confirmation in writing by the Corporation on receipt 
of the order from the Buyers. The contract shall be conc!uded by such confirmation and take effect from the time of despatch thereof to the Buyers. 
Angel Road London N I  8 3BW England 
Telephone 01 -803 1300 Telex 263247 
Telegrams Cryoplants London N 18 
Mr. P.B. Williams 
Project Assessment & Development 
Page Street 
LONDON NW7 2ER 
Dear Mr. Williams, 
13 August 1981 
Slater Duck Wave Energy Device 
I write in response to your letter of 20th July regarding the 
feasibility of producing welds in vessels requiring a high 
degree of leak tightness. 
We see no reason why individual welds satisfying a leak rate 
giving a pressure rise of less than 15 torr in 23 years 
cannot be produced in 6 mm material. It would in our view be 
essential that the procedure for such welds be developed using 
appropriate pressure vessel code standards and that the welds 
be performed by operators qualified to similar standards. Some 
thought should also be given to the levels of other forms of 
NDT which should be applied to complement the leak detection 
procedures. 
I should mention that the leak rate you are looking for is 
greater than those we currently specify for our vacuum insula- 
ted vessels. On the other hand your volume is much greater 
and the two factors therefore tend to cancel each other out. 
What is clear is that to ensure the integrity of the vessels 
will require the application of modern mass spectrometry leak 
detection equipment such as are in use here at Cryoplants. 
I may not have mentioned previously that one of the BOC Group 
Companies, Edwards High Vacuum, are manufacturers of this 
type of equipment and also the vacuum pumps that would be 
required. 
Yours sincerely, 
N. VAN TROM 
Manager - ~istrlbution Equipment 
Regtstered Office. Hammersmtth House. London. W 6  9 D X  Reg. N o .  157551  England. 
The u l tmate  holdtng company 1s BOC lnternatlonal L ~ r n ~ l e t l  
Report on t e l ephone  c o n v e r s a t i o n  wi th  Cryoplant  Limited "h 
(A B r i t i s h  Oxygen Company) 
Contact :  A l l en  l e  - Produc t ion  Engineer  
The d i s c u s s i o n  c e n t r e d  on vacuum j a c k e t  v e s s e l s  ( c ryo  f l a s k s )  and t h e  
problems they  have i n  ma in t a in ing  a  low l eakage  rate. 
I n  product ion  t h e y  f i n d  t h a t  a l e a k  o f  1x10-' Torr litre/s&c is 
d e t e c t a b l e  wi th  soapy water .  
A l e a k  o f  1x10-' Tl/sec is d e t e c t a b l e  by Halogen t es t  ( u s i n g  f luon  g a s  
and a  gas  d e t e c t o r ) .  
A l e a k  o f  1 x 1 0 - ~  o r  J.o-' Tl/sec i s  d e t e c t a b l e  by mass spectrorneter  
methods which t h e y  have been us ing  f o r  some 5  years .  
The i r  s t a n d a r d  i s  a  l e a k  r a t e  o f  1 x 1 0 ~ ~  Tl/sec. T h i s ,  o f  cou r se ,  is 
wi th  a i r  i n  c o n t a c t  wi th  t h e  o u t s i d e ;  n o t  s e a  water  a s  i n  our  case .  
They seldom have t r o u b l e  a t  o r d i n a r y  seam welds - most o f  t h e i r  f a u l t s  
appea r  a t  p i p e  j u n c t i o n s  wi th  j a c k e t s  o r  w i th  through branches o r  
nozz les .  
The i r  p roduc t ion  u n i t s  a r e  guaran teed  f o r  5 y e a r s  bu t  o f t e n  l a s t  1 0  o r  
15. 
They see l i t t l e  d i f f i c u l t y  w i th  our  requi rements  and a r e  anxious  t o  quote  
f o r  v e s s e l s  f o r  t h e  'ducks ' .  
A s  a comparison - cons ide r  t h e  duck p r e s s u r e  a t  5 Torr  r i s i n g  t o  1 0  Torr  
over  25 years .  I t  could  have a  l e a k  r a t e  o f :  
490,000 l i t r e s  X 5 Torr  
365 days X 24 h r s  X 3600 s e c s  X 25 y e a r s  - 
: 3 . 1 0  X 10-3 Torr  l i t r e / s e c .  
o r  3000 times g r e a t e r  t han  t h e  l e a k  r a t e  t h a t  BOC a r e  c u r r e n t l y  s e t t i n g  
a s  t h e i r  p roduc t ion  s tandard!  
P. B. Williams 
15.8.80 
John I-aing 
C i r c u l u t i c w :  Mu. T,S. Nundy - J.L. Ltd. 
Mr. S. 1-1. Sa l  tcr  -- E d i n h r i j h  Unj-versity 
t4r. M.S. Cloke - ETSU l iarwel l  
Our r e f :  E X / P B  
5 t h  November, 1 9 8 1  
John  L a i n g  U e s i g n  i o n s u l t a n t s ,  
P.O.  OX 3 1 ,  
P a g e  s t r e e t ,  
P i l l  H i l l ,  
N1J7 2 E R  
F o r  t h e  a t t e n t i o n  o f :  Mr. '.B. L i l l i a m s  
D U N L O P  BELTING DIV IS ION 
PO Box No 7 Liverpool L24 1UY 
Phone 051-486 4551 Telex 627080 
Cables Dunlobelt Liverpool 
D e a r  S i r ,  
H e f e r e n c e :  Wave E n e r g y  1 J e v i c s  - Nodding Ducks  -- 
Thank you f o r  t h e  c o u r t e s y  s x t e n d e d  on t h c  o c c a s i o n  o f  rnv v i s i t  t o  y o u r  o f f i c e s  
nn J e d n e s d a y  n c t o b e r  1 4 t h ,  1 9 8 1 .  
I a ~ o l o g i s e  f o r  t h e  d e l a y  i q  s u b n i t t i n g  o u r  r e c o n m e n u a t i o n s  f o r  ' M a g n e t i c  Be l t sX  
f o r  u s e  w i t h  tngl Duck Liave t n e r g y  J e v i c e  ? u t  t n e  r e p o r t  s u b m i t t e d  f o l l o w i n g  my 
v i s i t  i s  b e i n g  s t u o i e d  b y  tii s r o d u c t i o n  a n d  R ?C O s e c t i o n s  o f  o u r  D i v i s i o n  a n d  
I hop0 t o  h a v e  t h e i r  r e ? l i c s  t o  h a n d  s h o r t l v .  
T h r e e  p o i n t s  t h a t  would  r e q u i r e  e a r l y  i n v e s t i g a t i o n  a re  a )  t h e  e f f e c t  o f  o r o l o n g e d  
i m m e r s i o n  i n  s p a  w a t e r  on t h r  r u b b e r  comoounds c o m p r i s i n g  t h e  b e l t  h )  t n e  a l i g n m e n t  
of  tt-i~ m a g n e t i c  l i n e s  t o  prc v e n t  t h e  p o l a r  l i n e s  e r a s i n g  a n d  C r e a t i n q  a n  a t t r a c t i v e  
f o r c e  i n s t e a d  o f  an o p p o s i n g  f o r c e  c )  t h ~  n r o b l e m s  t h a t  c o u l d  h e  met  when t r y i n g  
t o  e s s e m b l e  t n e  m a g n e t i c  b e l t s  o n t o  t h e  d u c k s  a n d  o v e r c o m i n g  t h e  o p p o s i n q  f c r c 3 s .  
I f  you have a n y  f u r t h e r  i d e a s  on v s e  o f  t h ~  p r o p o s e d  m a g n e t i c  b e l t s ,  :]leas? k e e n  
ne i n f o r m e d ,  m e a n w h i l e ,  I r e m a i n ,  
yours f a i t h f u l l y ,  
f o r  DUNLOP L I M I T E D  
t-el t l  ng D i v i s i o n  
Subs~d~ary of Dunlop Holdlngs L~rn~ted 
Registered In England No 995293 Reg~stered Olllce Dunlop House Ryder Street St James's London SW1 Y 6PX 
Telephone 021 526 3 121 
Telex 337538 
Our Ref JSS/GM 
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Special Steels . Forgings . Forged Steel Rolls 
Nickel Base Alloys . Rolled Bars, Billets Et Rings A member of the Steel Diwsion of Johnson Et Firth Brown Limited 
Our R e f  : P J D / K A H / ~ ~ / ~ ~  
r 
M r  P B W i l l i a m s  
Wave Energy  Group 
P r o j e c t  Development & 
Assessment  L t d  
Page S t r e e t  
LON DON NW7 2ER 
L 
1 7  A p r i l  1 9 8 1  
Dear M r  Will iaago 
F o l l o w i n g  o u r  m e e t i n g  on  t h e  1 7 t h  March I h a v e  h a d  estimates 
p r e p a r e d  f o r  G110 m a r a g i n g  s t ee l  p r e - s t r e s s i n g  r i n g s  b o t h  f o r  
t h e  f u l l  s c a l e  d e v i c e  and  for  t h e  3 r d  model .  If G125 w e r e  t o  
b e  c o n s i d e r e d  t h e  p r i c e s  would n e e d  i n c r e a s i n g  by 4% : - 
4 S c a l e  Model - 2 a l t e r n a t i v e l y  4 r i n g s  s o l u t i o n  t reated and  
rough  machined  
t o  203" OD X 1 2 i v  I D  X 4"  wide  
t o  f i n i s h  20" OD X 12*lf I D  X 331' a i d e  
P r i c e  61650  e a c h .  D e l i v e r y  18/20 work ing  weeks 
f rom o r d e r .  
F u l l  S c a l e  Device  - T h i s  h a s  p r o v e d  more d i f f i c u l t  t o  e s t i m a t e ,  
Our p r o p o s a l s  i n v o l v e  t h e  m a n u f a c t u r e  o f  a 26" d i a m e t e r  i n g o t  
which would be u p s e t  f o r g e d  and  punched  p r i o r  t o  e x p a n d i n g  t o  
t h e  p r o p o s e d  f o r g e d  s i z e  of 573" OD X 373" I D  X 12%" t h i c k .  
T h i s  i s  f a i r l y  common p r a c t i c e  w i t h  c o n v e n t i o n a l  s tee ls  a n d  
o u r  e x p e r i e n c e  w i t h  m a r a g i n g  s tee l  i n  smaller lumps i s  s u f f i c i e n t  
f o r  c e r t a i n  a s s u m p t i o n s  t o  be made i n  a r r i v i n g  a t  a c o s t .  
F o r  t h e  f i r s t  o r d e r  o u r  p r i c e  would be a r o u n d  £23,500 e a c h  and 
d e l i v e r y  20625 work ing  weeks.  With i n c r e a s i n g  e x p e r i e n c e ,  I 
would e x p e c t  t o  be a b l e  t o  g e t  o u r  p r i c e  down t o  a r o u n d  £20,000 
e a c h .  
W e  c o u l d  l e a v e  i t  f o r  f u r t h e r  d i s c u s s i o n  o n  t h e  q u a n t i t y  t o  b e  
o r d e r e d  i n  t h e  f i r s t  p l a c e .  I would n e e d  a  minimum of two r i n g s  
f o r  t h e  n e c e s s a r y  deve lopmen t  work t o  b e  c a r r i e d  o u t ,  b u t  i n  
t h e  e v e n t  you may wi sh  t o  p r o c e e d  a t  a  h i g h e r  r a t e .  
Registered in England No. 670047 
Firth Biown Limited 2 Sheet No ..................................... 
The r i n g s  s u p p l i e d  t o  you would be i n  t h e  s o l u t i o n  t r e a t e d  
c o n d i t i o n  and rough  machined  t o  3 mm a s i d e  above  f i n i s h e d  
s i z e  i.e., 
1406 OD X 994 I D  X 266 t h i c k  
A test  r i n g  would b e  t a k e n  from t h e  b o r e  a t  one  e n d  and  w e  
h a v e  i n c l u d e d  for  immers ion  u l t r a s o n i c  test  a s  well. 
I t r u s t  t h e s e  n o t e s  w i l l  be o f  i n t e r e s t  a n d  l o o k  f o r w a r d  t o  
y o u r  news w i t h  c o n s i d e r a b l e  a n t i c i p a t i o n .  
ullard Limited Mullard House Torrington Place London WC1 E7HD 
Ref: ID/RAD/SRB 
M r .  P. B. Wi l l iams,  Box 31, 
John La ing  Design Associates L imi ted ,  
Page S t ree t ,  
M i l l  H i l l ,  
London, 
NW7 2ER 23rd October 1981 
Dear M r .  Wi l l i ams,  
WAVE ENERGY PROJECT 
Thank you f o r  your  h o s p i t a l i t y  when I v i s i t e d  you l a s t  month. 
F i r s t ,  we would l i k e  t o  assure you and your  o rgan i sa t i on  t h a t  Mu l l a rd  
L im i ted  i s  t h e  e l e c t r o n i c  components company ope ra t i ng  i n  t h e  Un i ted  King- 
dom, b u t  w i t h i n  t h e  m u l t i - n a t i o n a l  N.V. P h i l i p s  Gloei lampenfabrieken concern. 
We have ve ry  cons iderab le  resources t o  produce magnetic m a t e r i a l s  of bo th  
the  permanent and non-permanent types. 
I n  t h e  case of permanent magnets, we a re  a b l e  t o  o f f e r  products i n  a 
choice o f  ceramic, bo th  c a s t  and c e r t a i n  s i n t e r e d  metal  and a l s o  p l a s t i c  
bonded ( m a t r i x )  m a t e r i a l s .  C u r r e n t l y  we manufacture products For in-house 
and t h i r d  p a r t y  customers f o r  use i n  t he  Consumer, Domestic Appliance, 
Professional and Automobile i n d u s t r i e s ,  
L a s t  year t he re  was con tac t  between M r .  S.H. S a l t e r  of U n i v e r s i t y  O f  
Edinburgh and M r .  C.P. Southworth f rom an a p p l i c a t i o n  l a b o r a t o r y  i n  a Mu l l a rd  
magnetic m a t e r i a l s  f a c t o r y .  As a r e s u l t  o f  some p r e l i m i n a r y  work, a l e t t e r  
dated 6 t h  October 1980 was w r i t t e n  t o  M r .  S a l t e r  by M r .  Southworth. 
From t h i s  work, i t  appears t h a t  f o r ces  approaching the  des i red  bear ing 
f o r c e  can be achieved us ing  ceramic magnets. Improvement i n  performance o f  
t h e  bearing, toward the  va lue o f  f o r c e  i n d i c a t e d  t h e o r e t i c a l l y ,  may be pos- 
s i b l e  by a d j u s t i n g  t h e  dimension o f  t h e  magnet spec i f i ed .  I t  i s  envisaged 
t h a t  o n l y  small improvements w i l l  be made t o  t he  p r o p e r t i e s  o f  t he  bas ic  
ceramic m a t e r i a l  over t he  nex t  few years.  
S i g n i f i c a n t l y  h igher  values o f  Brem can be ob ta ined by us ing  metal  
magnets. However, f o r  t h i s  a p p l i c a t i o n ,  w i t h  a h o s t i l e  s a l t  water env i ron-  
ment, ceramic i s  probably  t h e  b e t t e r  choice. The ceramic i s  normal ly  i n e r t  
i n  almost a l l  environments and i s  u s u a l l y  ground us ing  diamond g r i n d i n g  
wheels. When operated over  a long t ime  i n  sea water, I would envisage t h a t  
some wear w i l l  occur  on the  magnet, due t o  t he  con t i nua l  washing by abras ive  
(sand) bear ing s a l t  water. 
..../ cont inued over 
Tele?hone 01 -580 6633 Telex 264341 Cables Mullectron L o n d o n  WC1 E 7HD 
Drectors I H Cohen To BA (Manaplng) P E Trier MA DTech FlEE 6 1 - s t s  FIMA J Bunron MA F I E E  i l r r r P  J A Je-,k~ns M A  (Hcrla 
Reg~stered In England No 207669 Reg~stered Offlce Abdcus House Gutter Lane London EC2V 8AH 
431 3.035.93931 B i n  No. 0929 M 1  364 
Muliard manufacture and market electronic components 
under the Mullsrd, Philips and Signetics brands 
Continuation Sheet No 1 Mullard Limited 
The i n i t i a l  f e a s a b i l i t y  work was based on a b lock  o f  ceramic m a t e r i a l  
3 i n  long, 1.75 i~ wide and i n  m u l t i p l e s  o f  0.375 i n  t h i c k .  The 1.75 dimen- 
s ion  was envisaged p a r a l l e l  t o  t he  bear ing a x i s  w h i l s t  t h e  thickness, and 
magnetic ax i s ,  of 0.375 was r a d i a l  t o  the bearing. One ha l f  o f  t h e  t o t a l  
bear ing sur face was assumed t o  be covered by magnetic m a t e r i a l .  
The guide p r i c e  f o r  f i n i shed  b locks o f  t h i s  general type would be i n  
t he  o rde r  of f1200 per  t o n  fo r  a barium f e r r i t e  and E1500 per  t on  fo r  a 
s t ron t ium f e r r i t e  m a t e r i a l .  Th is  statement assumes a f a i r l y  h igh  volume of 
produc ti on and 1 981 p r i c e s  . 
We t r u s t  t h a t  t h i s  l e t t e r  conta ins  t h e  broad o u t l i n e  you requested 
concerning our  c a p a b i l i t y  and the  feasab i l  i t y  o f  t h e  magnetic bearing. We 
look  forward t o  hear ing from you i n  due course, but,  i n  t h e  meantime, p lease 
do n o t  h e s i t a t e  t o  con tac t  the  w r i t e r  i f  you have any queries. 
Yours s incere ly ,  
R. A. Davey 
INDUSTRIAL DIVISION 
M. 1378 4313.CN6.@3811 Bin. No. 0932 
Poclain Hydraulics Limited 
Fieldhouse Lane, 
Marlow, Bucks. SL7 1 LW. 
Telephone: (06284) 7461 6 
Telex: 848019 POCHYD 
M r .  P .  B .  W i l l i a m s  ASE /GMG/Q0970 
P r o j e c t  Assessment  & Development  L t d .  
( J o h n  L a i n g  Co. ) 
Page  S t r e e t  
M i l l  H i l l  
London NW7 2ER 2 3 r d  J u l y ,  1 9 8 1  
Dear M r .  W i l l i a m s ,  
Re:  Wave E n e r a v  P r o j e c t  
F u r t h e r  t o  o u r  l e t t e r  d a t e d  2 9 t h  J u n e  1 9 8 1 ,  w e  h a v e  p l e a s u r e  
i n  e n c l o s i n g  a d r a w i n g  and  q u o t a t i o n  f o r  t h e  c y l i n d e r s  
g e n e r a l l y  as o r i g i n a l l y  d i s c u s s e d .  You w i l l  see t h a t  t h e  
s i z e s  v a r y  s l i g h t l y  t o  s u i t  p r e f e r r e d  b o r e / r o d  d i m e n s i o n s .  
C y l i n d e r s  t o  800  mm b o r e  c a n  b e  m a n u f a c t u r e d  and  as a p r i c e  
g u i d e  you s h o u l d  add  20% f o r  e a c h  100  mm b o r e  i n c r e a s e .  
I t  would  a p p e a r  t h a t  o u r  f i r s t  l i m i t a t i o n  on maximum s i z e  is 
i n  f a c t  o u r  e x i s t i n g  h a n d l i n g  r a t h e r  t h a n  m a c h i n i n g  c a p a c i t y .  
To p r o v i d e  a p r e c i s e  c o s t i n g  is t h e r e f o r e  r a t h e r  d i f f i c u l t  a t  
t h i s  s t a g e .  
We t r u s t  you w i l l  f i n d  t h e  e n c l o s e d  a d e q u a t e  f o r  y o u r  p r e s e n t  
f e a s i b i l i t y  s t u d y .  




(-f) A .  S .  E l d r i d g e  
'r ' U . K .  S a l e s  Manager 
D ~ r e c t o r s  P B a t a ~ l l e ,  P Lecard,  M T r o u s s ~ e r .  F  Trangosl  (Secretary) .  General  Manaqcr ( U K )  D Richmond 
Req~s te red  O f f l c e  175 F r ~ a r  Street ,  Read~nr j ,  B e r k s h ~ r c ,  R G 1  1 OS 
Reylsterud I ~ I  Eny land  No 1437291 V A T R ~ y s l r d t l u r l  Nu 321 !)451 92 
Poclain Hydraulics Limited 
Fieldhouse Lane, 
Marlow, Bucks. SL7 1 LW. 
Telephone: (06284) 74616 
Telex: 848019 POCHYD 
- 
QUOTATION REF: ASE/GMG/Q0970 2 3 r d  J u l y ,  1981 
T o :  PROJECT ASSESSMENT & DEVELOPMENT LTD 
ITEM DESCRIPTION 
P r o t o t y p e  5 2 9 1 2 5 0  X 2 2 0 0  mm D o u b l e  A c t i n g  
C y l i n d e r  t o  o u r  d r a w i n g / o f f e r  CR5868 
5 u n i t s l w e e k  as a b o v e  
10 u n i t s / w e e k  as a b o v e  
UNIT 
PRICE 
DELIVERY: P r o t o t y p e s  20  w e e k s  from o r d e r  
PRICES : Ex Works  London .  Onward carriage a n d  V.A.T .  
e x t r a .  
QUOTATION VALID FOR 9 0  DAYS 
i l i r e c t o r s  P B a t a ~ l l e ,  P. Lecard,  M T r o u s s ~ e r ,  F Trangusl  (Secretary). C e r w a l  Manalicr (UK)  fl H ~ c h m o n d  
i ieg~sterr !d f l f f ~ c ~ :  175 Fr iar  Strc?e~,  Headiriq, BRI~S~I IU ,  f lL1 l US 
i i s g ~ s [ e r e t j  irt f rq la r t t l  N o  1 4 3 7 2 9 1  V.A.T Heq is t ra l ! r l f~  N O  3 2 1  !,4!)1 92 
I FROM:- M r .  G. V i c e n t i n i  
TO:- M r .  A.S. E l d r i d g e  
SUBJECT:- PHUK225 ( S a l t e r s  Ducks) 
OFFER DRAWING NO. 5868. 
ASE / AT 
27 th  August 1981 
FOR THE SEALING ARRANGEMENT 
The aim o f  t h e  s t u d y  h a s  been t o  a v o i d  wear where p o s s i b l e .  
Consequent ly  : - 
- No r u b b e r  s e a l  w i t h  h i g h  p r e s s u r e .  
- On b e a r i n g  s i d e ,  s l i d e  f i t  between b ronze  r i n g  and t h e  r o a d .  
- To a v o i d  e x t e r n a l  l e a k a g e ,  a  m u l t i - l i p  s e a l .  T h i s  s e a l ,  under  
low p r e s s u r e ,  w i l l  have  a  ve ry  l o n g  l i f e .  I t  is a l s o  e a s i l y  
r e p l a c e d .  
- On p i s t o n  s i d e ,  where s m a l l  c l e a r a n c e s  a r e  more d i f f i c u l t  t o  
m a i n t a i n ;  a  c a s e  i r o n  p i s t o n  r i n g  w i t h  skew c u t s  is  u s e d .  
PHI LOSOPHY 
On l a r g e  d i a m e t e r s  ( p i s t o n )  t h e  r i s k  of  s i e z u r e  of  b ronze  on 
s t ee l  is  h i g h .  Consequen t ly ,  w e  have  added t e f l o n  n i c k e l  bands  
on m e t a l l i c  s u p p o r t ,  w i t h  a  r a t e  o f  dynamic compression of  o v e r  
20Kg/sq. m i l l i m e t r e .  
For  t h e  b e a r i n g  w e  have chosen a b r o n z e  r i n g  w i t h  a  ve ry  good 
s u r f a c e  f i n i s h .  
I n  o r d e r  t o  a v o i d  assemply p rob lems ,  a  p l a s t i c  r i n g  h a s  been added 
beh ind  t h e  r o d  s e a l .  
We have o p t e d  f o r  a  d e s i g n  a s  s i m p l e  a s  p o s s i b l e  t o  minimise  
machining t i m e s  on t h e  main components (body and r o d )  and p r o t o t y p e  
t o o l i n g  c o s t s .  T h i s  s o l u t i o n  e n a b l e s  us  t o  o f f e r  s h o r t  l e a d  t i m e s  
by u t i l i s i n g  t h e  a v a i l a b l e  machine t o o l s .  
I MATERIAL CHOICE 
To d e c r e a s e  t h e  weight  and e n s u r e  s u p p l i e s ,  w e  have  chosen t o  
use  t r e a t e d  t u b e .  The r o d  h a s  been s i z e d  t o  resist bend ing .  
Redman Broughton Limited 
372 Farm Street 
Hockley, Birmingham B19 2UD 
England 
Telephone. 021 -554 9373 
Telex: 338242 Grams: Quipfeed B'ham. 
Messrs. John Laing Ltd., 
Page S t r ee t ,  




ou r  Ref: DTWJ~6/a476/81 
Date: 9 th  October, 1981 
For the  a t t en t i on  of M r .  P,B. Williams 
Dear S i r s ,  
Ref.: ~3476/81 - SALTER DUCK WAVE ENERGY PROJECT 
With reference t o  the  above enquiry we a r e  now pleased t o  submit our 
budget quotation fo r  your requirements. 
PROTOTYPE HYDRAULIC CnINDERS FOR SPIN JOINT 
Size  Options per  Spine Jo in t  
8 o f f  - 610 bore X 250 dia,rod X 2200 s t roke 
12 o f f  - 520 bore X 250 dia.rod X 2200 s t roke 
16 o f f  - 470 bore X 250 dia.rod X 2200 s t roke 
GENERAL SPECIFICATION - R.B. Drawing ~ 0 . ~ 5 4 6 0  
Heavy duty double ac t ing  Hydraulic Cylinders, 
Rear Circular  Flange mounted. 
Flanged tube construction. 
Ihd caps bolted t o  cylinder tube assembly. 
Bolt on gland housing fo r  easy maintenance. 
Chevron sea l ing  arrangements fo r  gland and piston. 




Cylinder tube of high y ie ld  cen t r i fuga l ly  spun s t ee l .  
Piston rod of high t e n s i l e  s t e e l  with a heavy deposit of chrome 
plat ing.  
Heavy duty bronze gland and pis ton bearings. 
Port connection of the  4 - bol t  flange S.AIE. type. 
Unless otherwise stated this quotation is subject to  the terms and conditions of sale overleaf. 
Registered Office: Shrub Hill Road. Worcester. Registration No 451039 England 
Annulus por t  piped t o  r e a r  end of cylinder. 
Rod t o  be protected by a ga i te r .  
Maximum working pressure : 410 bar (6,000 p. s.i . ) 
Maximum t e s t  pressure: 517 bar(7,500 p.s.i.) 
For use on Mineral O i l .  
Special  marine paint  f i n i s h  on cylinder exter ior .  
Delivery of prototypes t o  be negotiated, 
Pr ices  f o r  production quan t i t i e s  w i l l  be advised as soon as they a r e  
available.  
The quan t i t i e s  required fo r  a prototype machine would cause no embarrassment 
within our current  f a c i l i t i e s  and resources, however i n  t he  event of our 
company being considered fo r  a l l  o r  par t  of the  main contract  we would give 
f u l l  consideration t o  the  s e t t i n g  up of a new p lan t  of s u f f i c i e n t  s i z e  and 
equipped with t he  necessary f a c i l i t i e s  t o  undertake this project .  We would 
add t h a t  our Company is pa r t  of a public quoted group of companies, and 
t h i s  matter has been discussed with our Chairman who has confirmed t h a t  
Redman Broughton is a company nominated fo r  growth within the  main group, 
and the  f u l l e s t  corrmittment would be given t o  such a project .  
We have undertaken a basic  design study concerning cylinder construction,  
mupled with the working environment, and enclosed w i i l  be found a copy 
of our drawing No. S5460 which gives d e t a i l s  of Spine Jo in t  Cylinders. 
These designs have been prepared around known ava i lab le  mater ia ls ,  but we 
f e e l  that i n  t he  event of our company being considered f o r  t h i s  contract  
fu r ther  meetings should be convened t o  discuss our o f f e r  i n  greater  de t a i l .  
Yours f a i t h f u l l y ,  
f o r  REDMAN BROUGHTON LIMITED. 
D.T. Whatmore, 
Sales  Engineer, 
Power Energy Projects. 
Redrnan Broughton Limited 
372 Farm Street 
Hockley, Birmingham B19 2UD 
England 
Telephone. 021 -554 9373 
Telex: 338242 Grams: Quipfeed B'ham. 
Your Ref: 
Our Ref: MAJN/EPB /@476/81/R1 
Date: 24th November, 1981 
Messrs. John Laing Limited, 
Page S t r ee t ,  
Mill  Ell, 
hndon,  
ExuiE 
For t he  a t t en t i on  of M r .  P.B. W i l l i a m s .  
Dear S i r s ,  
Ref: SALTER DUCK WAVE ENERGY PROJECT 
We would r e f e r  t o  t h e  recent meeting between your Mr.P.B.Williams and our 
Mr. D.T.Whatmore together with Ehgineers from the  Swiss company Von Roll ,  
and now have pleasure i n  submitting herewith our budget p r i ce s  f o r  t he  
required axial pis ton pumps and motors f o r  t h e  above project .  
As you a r e  aware, Von Roll  is one of t he  few companies i n  t h e  world ab le  
t o  develop t he  axial pis ton pumps and motors f o r  t h i s  pa r t i cu l a r  p ro jec t ,  
and have t he  necessary knowhow f o r  new developments of this kind. One of 
the  main aspects of t h e i r  pa r t i cu l a r  design is the  d e t a i l  given t o  components 
where t he  l i f e  time is one of the  major points ,  and where t h e  i n s t a l l a t i o n s  
a r e  i n  se rv ice  f o r  24 hours duty cycles, 
As you a r e  aware, t h e  required axial pis ton pumps and motors fo r  t h i s  p ro jec t  
have never been b u i l t  before and t o  reach the  required l i f e  time of t he  u n i t s  
development of the  project  would be e s sen t i a l ,  and Von Rol l  would be pleased 
t o  s ign an exclusive contract  f o r  t h i s  purpose. Below is  given a breakdown 
of the  project  cos t s  involved, but obviously these would be subject  t o  time 
fac tors  and the  development programme as is f e l t  necessary. We a r e  convinced 
t ha t  t h i s  development o f f e r s  an important improvement of t h e  a x i a l  technical  
data,  and f o r  t h i s  reason we cannot overlook t he  importance of t he  development 
programme for  this project  and unfortunately we a r e  not in a pos i t ion  t o  ind ica te  
precise  cos t s  fo r  each pump o r  motor, 
Breakdown of cos t s  is as follows:- 
. . ./2 
Unless otherwise stated this quotation is subject to  the terms and conditions of sale overleaf. 
Reoistered Office: Shrub Hill Road. Worcester. Registrat~on No. 451039 England 
1 complete, separate  t e s t  bank f o r  1'000 hop. made fo r  a 24 hours 
non-stop service.  
4 s p e c i a l i s t s  involved l year fo r  t h i s  project .  
Construction of 2 prototypes including mater ia l  cos t s  and 
individual  manufacturing. 
Tests of 8 months, including a l l  t he  cos t s  f o r  e l e c t r i c i t y  power, 
cooling system, maintenance, etc.  
........................... Costs of development E503,000.00 BUDGET F'RICE, 
........ R i c e  per un i t ,  f o r  a s e r i e s  of 10 u n i t s  E 29,240.00 BUDGET PRICE. 
Special  tool ings  and a u x i l i a r i e s  f o r  
manufacturing .................................. £73,100.00 BUDGET PRICE. 
Terms : 
Development 




We t r u s t  the  foregoing w i l l  i n  t h i s  ins tance be su f f i c i en t  f o r  your require- 
m ents ,  but should there  be any doubtful points  o r  any fur ther  information which 
you may require ,  please do not he s i t a t e  t o  contact us. 
S 
M, A, J, Northwood, 
U.K. Sales  Mana~er. 
John Lange Design Associates Ltd., 
Page Street, 
M i l l  H i l l ,  
London. N.W.7 
For the a t t en t i on  o f  M r .  P. B. Wil l iams 
L- A1 te rna t i ve  Enerav Grow -L 
G. L. REXROTH LIMITED 
CROMWELL ROAD. ST. NEOTS, HUNTINGDON, 
CAMBS., PE1 9 2ES 
Telephone: Huntingdon (0480) 76041 Telex 321 61 
Telegrams: Rexroth St. Neots 
Registered Number : 768471 England 
Registered Office : As above 
VAT. Reg. Number : l 9 6  708 l 2 6  
representing: 
LOHMANN + STOLTERFOHT GmbH 
Witten, West Germany 
YOUR REF: 
OUR REF: 01 08/99/81 /DHP/ JAH 
DATE: 18th September 1981 
Dear S i rs  , 
Thank you f o r  your enquiry i n  respect o f  the Wave Energy Project .  
Attached i s  our tender f o r  the hydrau l ic  cy l inders  required. 
There w i l l  be, of course, f u r t he r  technical  discussions required and I would 
suggest t h a t  these take place a t  our Holland fac to ry  a t  a t ime convenient t o  
yourselves . 
I n  respect o f  the hydro-s ta t ic  bearings proposed by yourselves, the experience 
o f  Hydradyne would ind ica te  t h i s  may no t  be the best  choice i n  view o f  the 25 year 
l i f e  requirement. However, t h i s  i s  c e r t a i n l y  one po in t  f o r  f u r t h e r  discussion 
which would take place dur ing your v i s i t .  
I f  there are  any f u r t he r  questions please do not  hes i ta te  t o  contact  the undersigned. 
Yours f a i t h f u l l y ,  
G. L. REXROTH LIY,ITED 
D. H. Piper V 
Manager - Cyl i nder Department 
D~~ectors. W D~eter (German) G. H. Lampe (Manag~ng) R. G. D. W~ght C.Eng., M.1.Mech.E. (Sales) Secretary: D. C. Maybank 
D. Kllngenberg (German) K. H. Wldmann (German) J. M. Brice 
QUOTATION 
John Lang Design Associates Ltd., 
Page Street, 
M i l l  H i l l ,  
London N.W. 7. 
For the a t t en t i on  of M r .  P. B. Wi l l iams 
L J 
G.L. REXROTH LIMITED 
CROMWELL ROAD, ST. NEOTS, HUNTS. PE19 2ES 
Telephone: 0480 76041 Telex: 32161 
Telegrams: Rexroth St. Neots 
V.A.T. Reg. No. 196 708 126 
YOUR REF. 
OUR REF. 01 08/99/81 /DHP/ JAH 
DATE 18th September 1981 
SUBJECT: YOUR ENQUIRY DATED 
Dear Sir, 
With reference to your enquiry we have pleasure in submitting our quotation as follows: 
DELIVERY ADDRESS: TO be advised DELIVERY: 
TERMS: TO be negociated. 
QTY. 
4 0 
PART No. DESCRIPTION 
(8 per j o i n t )  Hydraul ic  cy l inders,  our  code:- 
Piston diameter 650 mn 
Rod diameter 320 m 
Stroke 2200 mn 
Maximum working pressure 410 b.ar 
Test pressure 450 bar  
Construction: Bol ted head and bottom, 
Mounting: Single blade p i v o t  mounting ~ t h  
mai ntenance-l ess bearings. 
Seals - rubber l fab r i c  type - ex t ra  seal on 
p is ton  rod f o r  d ra in  connection. 
Piston rod mater ia l  - Stain less s tee l  type 
A1 S1431 , hard chromium p1 ated t o  
50 microns. 
Cyl inder body - D I N  1629, S t  52, outs ide diameter 
820 mm 
Wei ght  per cy l  i nder approximately 1 3000 k i  l OS. 
With t e s t  c e r t i f i c a t e  according t o  D I N  50049 (3.1B) 
EX WORKS BOXTEL, HOLLAND. 
The acceptance of this quotation includes the acceptance of our standard terms and conditions. 
f 39,300 budget 
each. 
Directors: W. Dieter (German) G. H. Lampe (Managing) R. G. D. Wight C.Eng., M.1.Mech.E. (Sales) Secretary: D. C. Maybank 




PART No. DESCRIPTION 
Payment Terms 
All prices ex works and valid fo r  60 days 
Carriage and packing extra 
All prices shown are exclusive of VAT 
All goods invoiced are subject to  15% VAT 
Yours fa i thfu l ly ,  
G .  L .  REXWOTH L I M I T E D  
D. H. Piper 
Manager, Cyl i.nder Department 
PRICE 
Laing Design Associates Ltd. 
Page S t r e e t  
Mil l  H i l l  
London, NW7 2ER 
Attn: M r .  P.B. W i l l i a m s  
L 
G. L. REXROTH LIMITED 
LINGUAPHONE HOUSE, BEAVOR LANE, 
HAMMERSMITH, LONDON W6 9AR. 
Telephone: 01-741 435617 Telex: 28871 
Registered Number: 768471 England 
Registered Office: 
Head Office and Works: 
CROMWELL ROAD, ST. NEOTS, CAMBS. PE19 2ES 
V.A.T. Reg. Number: 196 708 126 
YOUR REF 
Dear M r .  Williams 
Further  t o  our r ecen t  telephone conversat ion,  I confirm t h a t  Rexroth is  
i n t e r e s t e d  i n  developing with yourselves, a hydraul ic  gyroscape d r ive  system. 
W e  f e e l  t h a t  our e x i s t i n g  range can be adapted s u b j e c t  t o  f u r t h e r  d iscuss ions  
with our p i s t o n  pump/motar designers.  
Due t o  the  complexity and s i z e  of t h e  system under d iscuss ion,  w e  t r u s t  t h i s  
l e t t e r  is  s u f f i c i e n t  t o  confirm our i n t e n t i o n s  and look forward t o  our meeting 
on November 19th. 
Yours s ince re ly  
T. C. RUSHTON 
Area Sales  Manager 
D~rectors: W. Dieter (German) G .  H .  Lampe (Managing) R .  G .  D. Wight C.Eng., M.1.Mech.E. (Sales) Secretary: D. C. Maybank 
D .  Klmgenberg (German) K .  H. Widmann (German) J. M. Brice 
Laing Design Associates 
Al te rna t ive  Energy Dept. 
Page S t r e e t  
M i l l  H i l l  
London, NW7 2ER 
Attn: M r .  P.B. W i l l i a m s  
G. L. REXROTH LIMITED 
LINGUAPHOME HOUSE, BEAVOR LANE, 
HAMMERSMITH, LONDON W6 9AR. 
Telephone: 01-741 435617 Telex: 28871 
Registered Number: 768471 England 
Registered Off ice: 
Head Office and Works: 
CROMWELL ROAD, ST. NEOTS. CAMBS. PE19 2ES 
V.A.T. Reg. Number. 196 708 126 
YOUR REF. 
OURREF. L/TCR/MJT 
DATE l o t h  September 1981 
Deax M r .  W i l l i a m s  
Edinburgh Scopa Laing Wave Energy Device 
Further  t o  t h e  v i s i t  of our M r .  D. P iper  and t h e  Writer ,  of  30th June and the  
subsequent v i s i t  of M r .  Piper  on 8 th  September, w e  would confirm our  i n t e n t  
of working with yourselves during i n i t i a l  design and subsequent prototype supply, 
f o r  the  above p r o j e c t ,  
The hydraul ic  cyl inder  design is  a l ready a t  an advanced s t age ,  which we t r u s t  
i s  s a t i s f a c t o r y  and a f u l l  quota t ion ,  w i t h  drawings, w i l l  be  forwarded i n  the  
near  fu ture .  
Further  t o  t h e  m o s t  recent  meeting and the  information given regarding hydraulic  
motor spec i f i ca t ion ,  we have ca lcu la ted  t h a t  each motor displacement w i l l  be 
3230cm3/rev., which would be a problem, a s  the  l a r g e s t  one we manufacture a t  
p resen t  i s  s i z e  2000cm"rev. Would it be poss ib le  t o  use two motors of ha l f  
the  displacement coupled through a gearbox? Space a v a i l a b l e  would then have 
t o  be considered more c lose ly .  
The o the r  p o i n t  r a i s e d  was response t i m e  of the motor from zero t o  f u l l  flow 
and would ask whether i n  f a c t ,  f ixed displacement o r  va r i ab le  displacement motors 
a r e  envisaged, a s  response time tends t o  be associa ted  with the  l a t t e r .  
Following t a l k s  w i t h  our pump/motor manufacturing works t o  develop the  3230cm3/rev. 
motor ready f o r  production would take no l e s s  than two years.  We would welcome 
f u r t h e r  t a l k s  on this matter ,  e i t h e r  a t  your o f f i c e s ,  o r  our  Head Office and 
await  your comments. 
Our o f f e r  of  a v i s i t  t o  the  Hydraudyne fac tory  i n  Holland i s  re-s ta ted  and the  
o f f e r  would be extended t o  our p i s t o n  pump/motor f a c t o r i e s  i n  Germany - both 
of which we f e e l  s u r e  would be very use fu l  and informative, 
We look forward t o  hearing your comments and i n  the  meantime, remain, 
Yours s ince re ly  
f 4 T , C. RUSHTON Senior Sales  Engineer 
Encs. 
Directors: W. Dieter (German) G .  H. L.ampe (Managing) R .  G.  D .  Wight C.Eng., M.1.Mech.E. (Sales) Secretary: D .  C. Maybank 
D. Klingenberg (German) K .  H. Widmann (German) J. M .  Brice 
ring 
Head Office : Oarlington Co. Durham DL3 6DS England. Telephone : 03-25-60188 
Registration : London 166242. Registered Office : Brinkburn Road. Darlington, Co. Durham DL3 6DS. 
LONDON 24th.  June, 1981. your ref our ref JT/AED . 
P r o j e c t  Assessment & Development 
Limited, 
Page S t r e e t ,  
London, NW7 2ER 
London Office 
New Telephone Number 
01 -222 931 1 
4 
For t h e  a t t e n t i o n  of M.r.Peter Williams. 
Dear S i r s ,  
S a l t e r  Ducks, 
Following our r ecen t  meeting when we d iscussed  your c u r r e n t  
requirements f o r  a  s t e e l  l i n i n g  t o  t h e  concre te  p ressu re  
v e s s e l  we now comment a s  fol lows.  
Prototype, 
I f  we were t o  manufacture a  s i n g l e  protoype l i n i n g ,  t h i s  
would be c a r r i e d  out  i n  our Darlington Works and a  rough 
assessment of t h e  order  of c o s t  f o r  supplying, f a b r i c a t i n g ,  
welding and t e s t i n g  a  s t e e l  l i n i n g  5 metres diameter X 25 metres 
long X 5 mm t h i c k  complete with f l a t  ends and s u i t a b l e  
attachments f o r  ty ing  back i n t o  t h e  concre te  v e s s e l  would 
produce a  f i g u r e  i n  the  order  of £850/tonne. 
For t h i s  purpose w e  have assumed t h a t  s p e c i a l  permission 
would be granted for t r a n s p o r t a t i o n  by road t o  Teesside.  
2000MW P r o j e c t .  
Considering an o v e r a l l  p r o j e c t  pu t s  a  d i f f e r e n t  l i g h t  on t h e  
s u b j e c t  and we would consider  it t o  be t o t a l l y  i l l o g i c a l  t o  
u t i l i s e  in land f a b r i c a t i n g  f a c i l i t i e s ,  a s  a c t u a l  handl ing c o s t s ,  
t r a n s p o r t a t i o n  c o s t s  and t r a n s p o r t a t i o n  problems would pu t  t h e  
o v e r a l l  p r i c e  out  of context .  
Based on your programme requirements of t h r e e  v e s s e l s  per  
week f o r  a  per iod of s i x  yea r s  immediately po in t s  t o  t h e  
u t i l i s a t i o n  of e i t h e r  an a rea  of t h e  intended 'Duck' 
cons t ruc t ion  f a c i l i t y  or i f  you were t o  use Braythorp Yard, 
our o f f shore  f a c i l i t y  a t  Dock Poin t  could we l l  s u i t  your needs. 
Whichever of t h e  circumstances,  f u r t h e r  cons idera t ion  must be 
given t o  whether o r  not  automated production w i l l  be  requi red  
and f u r t h e r  comments on t h i s  a r e  made l a t e r .  
,L.......... 
Regarding t h e  s t e e l  l i n i n g ,  your two main a r e a s  of  d i f f i c u l t i e s  
a r e  a reas  i n  which Whessoe have inavluable  experience and i n  
depth cons t ruc t ion  e x p e r t i s e ,  t h e s e  are : -  
Our experience i n  s t e e l  l i n i n g  concre te  v e s s e l s  f o r  t h e  AGR 
Nuclear Power S t a t i o n s  i s  second t o  none and over t h e  years  
we have developed a s u i t a b l e  method of attachment.  
2 )  Producing l a r g e  diameter l i n i n g  t o  s u i t  your 
Proqramrne Requirements, 
A s  mentioned above without  an i n  depth s tudy i n t o  t h e  most 
economical and p r a c t i c a l  method of producing t h e s e  l i n i n g s ,  it 
i s  d i f f i c u l t  t o  a s s e s s  t h e  f e a s i b i l i t y  of s e t t i n g  up an 
automated production run.  On t h e  su r face  it would appear t o  be  
a s e n s i b l e  suggest ion,  however s u b s t a n t i a l  t o o l i n g  c o s t s  and 
t r i a l  and e r r o r  would be experienced. 
From a quick i n v e s t i g a t i o n  of your programme requirements it 
should be  poss ib le  t o  achieve your needs wi th  a squad of 
aprroximately 50 men working t o  our normal p r a c t i c e  and using 
some l i g h t  r o l l i n g  equipment purposely i n s t a l l e d  on t h e  
cons t ruc t ion  f a c i l i t y .  
In  f a c t  t h e  o v e r a l l  dimensions although much th inner  a r e  very 
s i m i l a r  t o  work we have c a r r i e d  ou t  f o r  t h e  CEGB a t  Dinorwic 
(Penstocks and Tunnel l i n i n g s )  and a l s o  a c u r r e n t  s i m i l a r  
scheme i n  S r i  Lanka, where we a r e  r o l l i n g  t h e  p l a t e  a t  s i t e .  
We hope t h i s  information although provided f o r  information 
purposes only w i l l  be  of use  t o  you and we would welcome any 
f u r t h e r  d iscuss ion  you may r e q u i r e .  
Yours f a i t h f u l l y ,  
WHESSOE HEAVY ENGINEERING LTD., 
PROCESS PLANT D I V I S I O N .  
-. 
4eL. \ at- 
John Tate.  
Sa les  Enqineer. 
S E C T I O N  10 
D R A W I N G S  
DRAWINGS 
The f o l l o w i n g  d rawings  a r e  i n c l u d e d  h e r e w i t h  :- 
No. T i t l e  
Artist' S Impress ion  
Geograph ica l  L o c a t i o n  of Device 
G.A. of  Duck Power C a n i s t e r  
G.A. of  Gyro Flywheel 
Gyro Main Bear ing - L o c a t i n g  
Gyro Cage P o l a r  Bear ing - L o c a t i n g  
Gyro Cage P o l a r  Bear ing - Non Loca t ing  
Gyro Oute r  Gimbal ~ e a r i n g s  
G.A. of  C e n t r i f u g a l  F i l t e r  
Schematic Arrangement o f  Spine  J o i n t  
G.A. of  Sp ine  J o i n t  
Spine  J o i n t  H y d r a u l i c  Ram 
Arrangement o f  Spine  Power C a n i s t e r  
G.A. of  Spine/Duck Bear ing  
Spine/Duck R a d i a l  Bear ing  - A l t e r .  Dets .  
Spine/Duck A x i a l  Bear ing - A l t e r .  Dets .  
Ring Cam Pump Assembly - Elev.  
Ring Cam Pump Assembly - P l a n  
Schematic Arrangement of  P. C.  Take-Up 
Schematic Arrangement of  Power Trans .  
Schemat ic  Diagram of  Genera to r  C i r c u i t s  
Arrangement of Spine  Group E l e c t r i c a l  Equip.  
10080 Duck Power C a n i s t e r  Hydrau l i c  C i r c u i t  
10. Drawings (Cont inued)  
T i t l e  
Spine  J o i n t  Hydrau l i c  C i r c u i t  
Arrangement o f  Duck Power C a n i s t e r  Hyd. Mains 
V a r i a b l e  Axial Pump/Motor 
S t a r t - u p  a u x i l i a r i e s  
Smart Impedance & Eductor  Pumps 
Schematic Arrangement of Mooring System 
G.A,  of  Spine/Duck 
D e t a i l s  of Spine  
Manufactur ing F a c i l i t y  f o r  Duck Bodies 
Manufactur ing F a c i l i t y  f o r  Spine  Bodies  
Mechanical  C o n s t r u c t i o n  S i t e  
C h a r a c t e r i s t i c  BM v s  S t r e s s  Curves f o r  
Concre te  
C h a r a c t e r i s t i c  BM v s  S t r e s s  Curves f o r  Rebar 
C h a r a c t e r i s t i c  BM v s  S t r e s s  Curves f o r  
Tendons 
S - N Curves f o r  P l a i n  Concre te  
Wave Cl imate  f o r  1 Year P e r i o d  
C h a r a c t e r i s t i c  BM His togram Build-up 
Mean BM v s  S t r e s s  Curves f o r  Concre te  
Mean BM Histogram Build-up 
Duck Buoyancy C a l c u l a t i o n s  











































